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FOREWORD 

Th is  i s  the  f o u r t h  i n  a se r ies  o f  semiannual technica l  progress repor ts  on fus ion  reac to r  ma te r ia l s .  
Th is  r e p o r t  combines research and development a c t i v i t i e s  which were p rev ious ly  repor ted separately i n  t h e  
f o l l o w i n g  technica l  progress repor t s :  

A l l o y  Development f o r  I r r a d i a t i o n  Performance 

- Damage Analysis and Fundamental Studies 

Special  Purpose Mate r ia l s  

These a c t i v i t i e s  a re  concerned p r i n c i p a l l y  with the e f fec ts  o f  the neut ron ic  and chemical environment on 
t h e  p roper t i es  and performance o f  reac to r  mater ia ls ;  together they form one element of the  o v e r a l l  ma te r ia l s  
program being conducted i n  support of t he  Magnetic Fusion Energy Program o f  the  U . S .  Department of Energy. 
The o the r  major element o f  the  program i s  concerned w i t h  the i n t e r a c t i o n s  between reac to r  ma te r ia l s  and the  
plasma and i s  repor ted separately.  

u n i v e r s i t i e s ,  and indus t r i es .  
f o r  the use o f  t he  program p a r t i c i p a n t s ,  and t o  prov ide a means o f  communicating the  e f f o r t s  of m a t e r i a l s  
s c i e n t i s t s  t o  the  r e s t  o f  t he  fus ion  community, both  n a t i o n a l l y  and worldwide. 

Laboratory,  and D. G. Doran, E a t t e l l e - P a c i f i c  Northwest Laboratory. Thei r  e f f o r t s ,  the work o f  the publ lca-  
t i o n s  s t a f f  i n  the Metals and Ceramics D i v i s i o n  a t  ORNL, and the many persons who made technica l  con t r i bu-  
t i o n s  are g r a t e f u l l y  acknowledged. T. C. Reuther, Reactor Technologies Branch, has r e s p o n s i b i l i t y  w i t h i n  DOE 
f o r  the  programs repor ted on i n  t h i s  document. 

The Fusion Reactor Ma te r ia l s  Program i s  a na t iona l  e f f o r t  i n v o l v i n g  several  na t iona l  l abora to r ies ,  
The purpose of t h i s  ser ies  o f  repor t s  i s  t o  prov ide a working techn ica l  record 

Th is  r e p o r t  has been compiled and ed i ted  under the guidance o f  A. F. Rowcl i f fe ,  Oak Ridge Nat iona l  

G. M. Haas, Chief  
Reactor Technologies Branch 
O f f i c e  o f  Fusion Energy 

iii 





TABLE OF CONTENTS 

FOREWORD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  111 

1. IRRADIATION FACILITIES, TEST MATRICES, AN0 EXPERIMENTAL METHODS . . . . . . . . . . . . . . . . .  1 

1.1 Design and F a b r i c a t i o n  of HFIR-MFE RB S p e c t r a l l y  T a i l o r e d  I r r a d i a t i o n  Capsules (Oak 
Rldge N a t l o n a l  Laboratory  and Midwest Techn ica l ,  I n c . )  . . . . . . . . . . . . . . . . . . . .  2 

Design and fabr i ca t i on  o f  f o u r  HFIR-WE RB” capsules (60, 200, 330, and 400OC) t o  
accommodate MFE specimens pre irradia ted  in  Spec t ra l l y  t a i l o red  experiments i n  t h e  O M  are 
proceeding s a t i s f a c t o r i l y .  These capsule des igns  incorporate p rov i s ions  for removal, exami- 
na t ion ,  and re-encapsulat ion o f  t h e  W E  specimens a t  intermediate exposure l e v e l s  en rou t e  
t o  a t a rge t  exposure l e v e l  o f  30 displacements per  atom (dpa). With t h e  except ion  o f  t h e  
60°C capsule ,  where t he  t e s t  specimens w i l l  b e  i n  d i r e c t  contac t  wi th  t h e  reac tor  c w l i n g  
water,  t he  specimen temperatures (monitored by 21 thermocouples) w i l l  be con t ro l l ed  by 
varying t h e  thermal conductance o f  E Small gap region between t h e  specimen holder  and t h e  
containment t ube .  Hafnium s l e e v e s  w i l l  b e  used t o  t a i l o r  t h e  neutron spectrum t o  c l o s e l y  
match t h e  hel ium production-to-atom displacement r a t i o  (14 appm/dpa) expected in  a f u s i o n  
reac tor  f i r s t  w a l l .  

Design and preparation o f  f a b r i c a t i o n  drawings for the  60 and 330°C capsules  and a l l  
generic capsule components and support f a c i l i t i e s  have now been completed. 
60°C capsule i s  complete and t h e  33O0C capsule i s  nearing completion. The i r r a d i a t i o n  of 
both capsules  w i l l  begin  when the HFIR re tu rns  t o  f u l l  power operation.  Design and pre-  
parat ion  of f abr i ca t i on  drawings for t h e  200 and 4OO0C capsules w i l l  b e  completed i n  1988, 
and operation o f  t he se  two cepsules  w i l l  f o l l o w  the  f i r s t  t w o  (60 and 33OOC). 

Assembly of t h e  

1.2 S t a t u s  of U.S.-Japan C o l l a b o r a t i v e  Program Phase I 1  HFIR T a r g e t  Capsules (Oak Ridge 
N a t i o n a l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

The experiment matr ix  for Phase I I  HFIR ta rge t  capsules ( J P - 9  through JP-16) was 
f u r t h e r  rev ised  t o  reso lve  ce r ta in  d iscrepancies  regarding specimen volume and position 
d e t a i l s .  
p a r t s  are on order .  
neous ly  beginning wi th  t he  f i r s t  f u l l  power operating c y c l e .  

A thermal ana ly s i s  to account for  the se  changes was completed and t he  required new 
AI1 e igh t  ~ a p ~ u l e s  w i l l  be  assembled and i n s t a l l e d  i n  t he  HFIR Simulta- 

2 .  DOSIMETRY, DAMAGE PARAMETERS AND ACTIVATION CALCULATIONS . . . . . . . . . . . . . . . . . . . . .  11 

2 . 1  Reduced A c t l v a t i o n  C a l c u l a t i o n s  a t  Hanford (Westinghouse Hanford Company) . . . . . . . . . .  12 

Material a c t i v a t i o n  is  an inherent  property of d -T  f u s i o n  dev ices .  MatEr idS  can be  

CElcU~atiOnS o f  t he  long-term a c t i v a t i o n  f o r  
chosen. t he re fo re ,  no t  o n l y  for  t h e i r  s t ruc tu ra l  p roper t i e s  under i r rad ia t i on ,  b u t  a l s o  for 
t h e i r  favorable  E C t i V E t i O n  charac t e r i s t i c s .  
various mater ia ls  under ITER-l ike condi t ions  show t h a t  t h e  reduced E C t i V E t i O n  ma te r ia l s  
being pursued would meet NRC C l a s s  C regula t ions  for  near surface d isposal .  
o f  t h e  ma te r ia l s  s tudied  are determined by the  presence of Ma and N b  (whether a s  E minor 
cons t i t uen t  or a s  impur i t i e s ) .  
l i b r a r i e s  involve the c rea t ion  of a jo in t  D u t c h - U . K . - U . S .  a c t i va t i on  cross section l i b r a r y  
and in using t he  ENDFIE-YI l i b r a r i e s .  

L i m i t s  for each 

P l a n s  for  improving t h e  cross sec t i on  and decay data  

2 . 2  Rad ia t ion  Damage C a l c u l a t i o n s  f o r  Compound M a t e r i a l s  (Argonne N a t i o n a l  Laboratory)  . . . . . .  22 

The SPECOMP computer code has  been used t o  c a l c u l a t e  neutron-induced displacement 
damage cross  s ec t i ons  f o r  compound ma te r ia l s ,  such a s  a l l o y s ,  i n s u ~ a t o r s ,  and ceramic 
t r i t i u m  hreeders f o r  f u s i o n  reac tors .  These new ca l cu la t i ons  r e l y  on r eco i l  &Om energy 
d i s t r i b u t i o n s  which a re  s tored  in  our SPECTER computer code master l i b r a r i e s .  
have been completed for s t a l k l e s s  steel, vanadiun a l l o y s ,  ‘Li-compound t r i t i u m  breeders ,  
alumina, SiO,, Cu,Au, TEO, and NhTi superconducters. Cross sec t i ons  are now being developed 
for other  compounds; however, some research i s  needed t o  determine t h e  proper threshold  
energies for many compounds. 

Calcula t ions  

2.3 Dosimetry and Damage Ana lys is  f o r  t h e  Omega West Reactor  (LANL) (Argonne N a t i o n a l  
Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Neutron dosimetry measurements and damage ca l cu la t i ons  were completed f o r  t h ree  exper i -  
ments i n  t h e  Omega West Reactor (LANL).  
Engineering Development Laboratory and were designed t o  compare radia t ion  damage produced in  
a fission reactor  spectrum wi th  damage produced by 14 MeV neutrons a t  RTNS I I .  

These i r rad ia t i ons  were conducted b y  Kanford 

25 

V 



3. MTERIALS ENGINEERING AND DESIGN REQUIREMENTS . . . . . . . . . . . . . . . . . . . . . . . . . . .  29 

3.1 M a t e r i a l s  Handbook f o r  Fusion Energy Systems (McDonnell-Douglas As t ronaut ics  
Company - S t .  Lou is  D i v i s i o n )  . . . . . . . . . . . . . . . . . . . . . . . . .  

The effort during this reporting period bas focussed on two areas: ( I )  publication of 
The data pages contained new engineering data pages, and (2) automation of the data pages. 

information on lithium and stain1ess steel along with additional Supporting Documentation 
pages on annealed and cold worked stainless steel. In 
the area of automation, work is proceeding on schedule toward the formation of an electronic 
materials data base for the W E  computer network. 

These pages were distributed in May. 

4 .  FUNDAMENTAL MECHANICAL BEHAVIOR . . . . . . . . . . . . . . . . . . . . . . . . . . .  
No c o n t r i b u t i o n s  r e c e i v e d  t h i s  p e r i o d  

5 .  RADIATION EFFECTS: MECHANISTIC STUDIES, THEORY AND MODELING 

5 .1  I r r a d i a t i o n  Creep Mechanisms: An Exper imenta l  Perspec t ive  ( P a c i f i c  Northwest  Labora tory )  . . 

An extensive review was conducted of E variety of radiation-induced microstructural 
data, searching for microstructural records of various irradiation creep mechanisms. It WES 
found that the stress-affected evolution of dislocation microstructure during irradiation is 
considerably more complex than envisioned in most theoretics1 modelling studies, particu- 
larly in the types of interactive feedback mechanisms operating. Reasonably conclusive evi- 
dence was found for a SIPR-type mechanism (stress-induced preferential absorption) operating 
on both Frank loops and network dislocations. 
(SIPN) processes may also participate but are thought to be overshadowed by the stronger 
action of SIPA-type processes operating on Frank interstitial loops. It was not possible to 
discern from microstructural evidence between second-order SIPA and first-order SIPR meche- 
oisms, the latter arising from anisotropic diffusion. Evidence WES presented, however, that 
validates the operation of stress-induced preferential unfsulting of Frank loops and stress- 
induced growth of previously stressed material following removal of applied stress. 
Dislocation glide mechanisms Ere also participating but the rate appears to be controlled by 
SIPA-type climb processes. Applied stresses were shown to generate very anisotropic distri- 
butions of Burgers vector in the irradiation-induced microstructure. 

5 . 2  D e t a i l e d  D e r i v a t i o n  o f  S tochas t ic  Theory o f  D i f f u s i o n a l  P lanar  Atomic C l u s t e r i n g  
( U n i v e r s i t y  of  C a l i f o r n i a ,  Los Angeles) . . . . . . . . . . . . . . . . . . . .  

Stress-induced preferential loop nUdeati0n 

Atomic clustering into circular planar disks is En important process responsible for 
interstitial loop formation in the bulk of irradiated materials, and the evolution of atomic 
planes during thin film growth. In this report, we develop a general stochastic theory for 
the formation of planar atonic clusters by atomic diffusion. 
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dloys in the Fe-7 to 9Cr range and stabilized martensitic alloys in the Fe-I2Cr 
range have been successfully fabricated and are undergoing testing as demonstrated by 
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RIIOYS. 
irradiation-induced precipitation Et temperatures below 450°C and extreme softening 
due t o  carbide coarsening Et temperatures EbQVe 500°C. 
which rely on manganese additions to provide a fully martensitic microstructure are 
embrittled a t  grain boundaries following irradiation, leading to severe degradation 
of impact properties. The most promising composition regime appears to be the Fe-7 
t o  9Cr range with tungsten additions in the 2% range where h&h temperature wchani- 
cal properties and microstructural stability are retained and impact properties Ere 
relatively unaffected by irradiation. 

The Development of F e r r i t i c  S t e e l s  f o r  Fas t  Induced- Rad ioac t iv i ty  Decay (Oak Ridge 

Bainitic alloys containing vanadium develop severe hardening due to 

StRhilized martensitic alloys 

6 . 1 . 2  
N a t i o n a l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  89 

Charpy inpact tests were made on eight heats of normalized-and-tempered 
chromium-tungsten steel that contained various levels of chromium, tungsten, vana- 
dim, and tantalum. 
pare favorably with the properties of analogous chromium-arOlyMenun steels that are 
presently being considered ES candidate StruCtUra1 materials for fusion-reactor 
applications. 

Frac tograph ic  Examination o f  Low A c t i v a t i o n  F e r r i t i c  A l l o y  Charpy Impact  Specimens 
( P a c i f i c  Northwest  Laboratory  and Westinghouse Hanford  Company) . . . . . . . . . . . .  

The impact behavior of Several of these steels YES found to com- 

6.1.3 
95 

Miniature Charpy specimens of six low activation ferritic EllOyS have been frac- 
tographically examined in order t o  determine the effect of irradiation on impact 
fracture behavior. 
for four of the six alloys. 
intergranular failure at prior austenite boundaries. 
additions in the alloys. 
DB?T as measured by absorbed energy meESurementS does not agree with an explanation 
based on fracture appearance. 

Impact Behavior  o f  9-Cr and 12-Cr F e r r i t i c  S t e e l s  a f t e r  Low-Temperature I r r a d i a t i o n  

A change in brittle fracture mode due to irradiation was found 
The fracture mode changed from transgranular cleavage t o  

The cause is ascribed to Mn 
Examinations also indicated that for the 9Cr-lW a1loy, the 

The CEUSB is not yet understood. 

6 . 1 . 4  
(Oak Ridge N a t i o n a l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  108 

Miniature Charpy impact specimens of 9Cr-IMoVbb and I Z C r - I M o W  steels and these 
steels with 1 and z% Ni were irradiated in the High-Flux Isotope Reactor (HFIR) at 
SO? t o  displacement damage levels of up t o  9 dpa. 
effect of CrEnsmUtatiOn helium. Irradiation caused an increase in the ductile- 
brittle transition temperature (DB7T). The 9Cr-IMoWb steels, with and without 
nickel, showed a larger shift than the 1ZCr-lMoW steels, with and without nickel. 
Under certain conditions, the D E "  of the nickel-doped steels showed a larger shift 
than that of the undoped steels. The results were interpreted t o  mean that helium 
affected the D B T  in the same WRY as the displacement damage. 

Fractographic  Examination o f  Charpy Impact  Specimens from t h e  HFIR-MFE-RBZ T e s t  
[ P a c i f i c  Northwest Laboratory  and W .  L .  Hu ( fo rmer ly  Westinghouse Hanford 

Nickel WES added to study the 

6.1.5 

Company)] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  113 

Selected fracture SUrfECeS of miniature Cherpy specimens of HT-9 in base metal, 
weld setal and heat affected zone (HA.?) metal conditions, and 9Cr-1Mo in base metal 
and weld meta1 conditions have been examined by scanning electron microscopy 
following irradiation in XFIR-WE-RBZ at 55°C to 10 dpa. 
also been made. 
dose demonstrates only minor changes in fracture behavior, but continued increases in 
hardness due to irradiation. Therefore, the mechanism controlling the degradation of 
impact properties does not Effect the fracture path but does affect strength. 
mechanism Is proposed to explain the behavior based on microchemical segregation of 
carbide forming elements. 

Hardness measurements have 
Comparison of results with results on specimens irradiated to low 

A 

6.1 .6  H i c r o s t r u c t u r a l  Development o f  10Cr-2Mo F e r r i t i c  S t e e l  I r r a d i a t e d  i n  HFIR a t  
500°C t o  34 dpa (Japan Atomic Energy Research I n s t i t u t e  and Oak Rldge N a t i o n a l  
L a b o r a t o r y ) .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  122 

Microstructural development was studied in IOCr-ZMo ferritic steel containing 
1 M % Ni which was irradiated to 34 dpa at SOO°C in NFIR. 
siderable evolution of the precipitates, but no significant void development YES 
ohserved. 
this steel. 

The results showed con- 

The 0- and x-phases were identified ES radiation-induced precipitates in 
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I r rad ia t i on  creep was inves t igated  i n  type  316 s t a i n l e s s  s t e e l  (316 SS) and U.S. 
t a i l o red  spectrum o f  t h e  Oak Ridge Research Reactor (ORR) ,  Fusion Program PCA using 

i n  order t o  achieve E Xe:dpa value charac t e r i s t i c  o f  a f u s i o n  reac tor  f i r s t  W d l .  

Pressurized t ubes  wi th  s t r e s s e s  of 20 t o  470 Mpa were i r rad ia t ed  a t  temperatures o f  
330, 400, 500, and 600'C. I t  was found t h a t  i r r a d i a t i o n  creep was independent o f  
temperature in  t h i s  range and varied l i n e a r l y  wi th  s t r e s s  a t  low s t r e s s e s ,  b u t  t h e  
s t r e s s  exponent increased to 1.3 and 1 . 8  f o r  316 SS and PCA, r e spec t i ve l y ,  a t  h igher  
s t r e s s e s .  Specimens o f  PCA i rradia ted  in  the  ORR and having helium l e v e l s  up t o  
ZOO appm experienced a 3 to 10 t i r e s  higher creep r a t e  than s im i la r  specimens i r r a -  
d ia t ed  in  t h e  Fas t  Flux Tes t  F a c i l i t y  (FFTF) and having hel ium l e v e l s  below 20 appm. 
The h igher  creep r a t e s  are a t t r i bu t ed  t o  e i t h e r  a lower f l u x  or t he  presence o f  
hel ium. 

The enhanced creep r a t e s  observed in  the  presence o f  helium might serve  to  
r e l i e v e  swel l ing  s t r e s s e s  i n  a f u s i o n  reac tor  f i r s t  wa l l ,  and hence, must be  con- 
s idered in  reac tor  des ign .  

I r r a d i a t i o n  Creep and Embri t t lement  Behavior  of A I S I  316 S t a i n l e s s  S t e e l  a t  Very 
Hrgh Neutron Fluences (Argonne N a t i o n a l  Laboratory  and P a c i f i c  Northwest 
Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  135 

A mechanism involv ing  i n t e r s t i t i a l  helium-enhanced cl imb i s  proposed. 

6 . 2 . 2  

me i r radia t ion-induced  creep and swel l ing  o f  AISI 316 s t a i n l e s s  s t e e l  have been 
i nves t i ga t ed  a t  two temperatures (400 and 550°C) t o  ve ry  high neutron f l u e n c e s .  
i s  shown t h a t  creep and swel l ing  can be  considered a s  i n t e r a c t i v e  phenomena w i th  
several  s t ages  o f  creep r e la t ed  t o  t h e  t o t a l  m o u n t  o f  accumulated swe l l i ng .  
f i n a l  s tage  i nvo l ve s  t h e  apparent ce s sa t i on  o f  creep and has  been observed o n l y  a t  
t he  higher i r r a d i a t i o n  temperature. 
reac tor  embrit t lement  problem a f t e r  i r r a d i a t i o n  a t  4OO0C appears a l so  t o  be  sepa- 
r a t e l y  r d a t e d  t o  t he  development o f  subs tan t ia l  swe l l i ng .  
was not  observed e t  550°C. The mechanisms thought t o  be  pos s ib l y  respons ib le  f o r  
each of t he se  two phenomena are discussed i n  d e t a i l .  

Swel l ing  and Phase S t a b i l i t y  of Commercial Fe-Cr-Mn A l l o y s  I r r a d i a t e d  i n  FFTF-MOTA 
( P a c i f i c  Northwest  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  146 

Five  commercial a l l o y s  based on t h e  Fe-Cr-Mn a l l o y  system have been i r rad ia t ed  
in  FFTF-MOTA a t  420, 520, and 600'C t o  exposures ranging a s  high as 60 to  75 dpa. 
Some a l l o y s  were i r rad ia t ed  in  two or t h ree  thermal-mechanical s t a r t i n g  cond i t i ons .  
Densi ty  measurements have been performed on a l l  combinations o f  a l l o y ,  thermal- 
mechanical treatment  and i r rad ia t i on  cond i t i on .  
a l l o y s  has been completed, concentrat ing on l y  on the  h ighes t  exposure l e v e l  a t  each 
temperature. 

develop less a- and € -mar t ens i t e  and % - f e r r i t e  b u t  h igher  l e v e l s  o f  M,,Cs and 0 ,  

I t  

The 

The development o f  a coincident  and severe  ex- 

This l a t t e r  phenomenon 

6.2.3 

Microscopy on t h ree  o f  t h e  f i v e  

Compared t o  t he  simple Fe-Cr-Mn t ernary  a l l o y s ,  t h e  commercial a l l o y s  tended t o  

6.3  Vanadium A l loys  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  160 

6 . 3 . 1  Hydrogen Concentrat ion D i s t r i b u t i o n  i n  Vanadium-Base A l l a y s  a f t e r  Surface 
Prepara t ion  and Exposure t o  L i q u i d  L i th ium (Argonne N a t i o n a l  Laboratory)  . . . . . . .  160 

The X concentrat ion d i s t r i b u t i o n s  i n  near -sur face  l a y e r s  o f  V -  I X r - 5 T i  and 
V-3Ti-O.SSi a l l o y  specimens were determined b y  use o f  E chemical d i s s o l u t i o n  tech-  
nique together wi th  a determination o f  t he  hydrogen p a r t i a l  pressure on heating t h e  
specimens. 
res i s tance  t o  hydrogen embrit t lement  o f  t he  V-3Ti-O.SSi a l l o y  i n  comparison t o  t h e  
V - l X r - 5 T i  al10y.  Also, t he  X concentrat ion d i s t r i b u t i o n s  i n  t he  V-ISCr-STi and 
V-3Ti-O.SSi a l l o y s  were determined a f t e r  immersion i n  l i q u i d  l i t h i u m  at SOO°C for  
20-25 h .  The X concentrat ion i n  t h e  V-1SCr-5Ti a l l o y  decreased f r o m  an i n i t i a l  level 
o f  0.19 a t .  I t o  0.002 a t .  X and t h e  X concentrat ion i n  t h e  V-3Ti-O.5Si a l l o y  
decreased from 0.31 a t .  I t o  0.034 a t .  2 a f t e r  t h e  l i t h i u m  exposure. 
suggest t h a t  t h e  greater  loss o f  d u c t i l i t y  exhib i ted  by  t h e  V-ISCr-STi a l l o y ,  i n  com- 
parison t o  t he  V - 3 T i - I S i  end V-ZOTi a l l o y s ,  on neutron i r r a d i a t i o n  i s  not s t t r i b u -  
t ab l e  t o  an increased X concentra t ion .  S ign i f i can t  amounts of H were evolved from 
corrosion products  formed on t h e  sur face  of t h e  V-3Ti-O.5Si a l l o y  during t he  l i t h i u m  
exposure. 
t he  V - l X r - 5 T i  a l l o y .  

These r e s u l t s  con t r ibu t e  t o  an understanding for t h e  exceptional  

These r e s u l t s  

The V-3Ti-O.SSi a l l o y  has  a twofold greater  propens i ty  f o r  H upta!ie than 

v i i i  



6 . 3 . 2  The M i c r o s t r u c t u r e  o f  Severa l  Vanadium A l l o y s  a f t e r  I r r a d i a t i o n  i n  FFTF a t  42OoC 
t o  8 2  dpa (Oak Ridge N a t i o n a l  Laboratory )  . . . . . . . . . . . . . . . . . . . . . . .  168 

The damage produced by neutron irradiation in the microstructures of the four 
vanadium alloys was qualitatively the same. Except for V-ZOTi, no new precipitate 
phases uere observed after irradiation. 
surrounding the pre-existing titanium carhonitrides in V-ZOTi. The V-ISCr-5Ti and 
Vanstar-7 alloys exhibited very low swelling, while V-3Ti- ISi and V-ZOTi displayed 
slightly higher values (i.e., >0.1%). 
increasing helium content because the helium boosted cavity nucleation with only a 
slight loss in average cavity size. 

Fine, rod-shaped particles were found 

The swelling in V-3Ti-ISi increased with 

6 . 4  C o p p e r A l l o y s  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  173 

N a t i o n a l  Laboratory )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  173 
6 . 4 . 1  Ana lys is  of Copper and Copper A l l o y s  a f t e r  Low-Level T r i t i u m  Charging (Oak Ridge 

Copper and the copper alloys Cu-Zr and Cu-Cr-Zr-Mg uere implanted with -50 appb 
He using the tritium trick. 
magnitude higher than that expected from calculations based on the established solu- 
bility of tritium in copper. 
that 50 appb He does not have an appreciable effect on the tensile properties of any 
of the tested materials. 

The measured helium concentration was an order-of- 

A comparison with specimens annealed in hydrogen showed 

6 . 5  Environmental E f f e c t s  on S t r u c t u r a l  A l l o y s  . . . . . . . . . . . . . . . . . . . . . . . . . .  176 

6 . 5 . 1  Corrosion i n  L i q u i d  Meta l  Environments: S u s c e p t i b i l i t y  of Fe,Al Exposed i n  a l i t h i u m  
Thermal Convect ion loop and Mechanisms of I r r e g u l a r  A t t a c k  by L i th ium and l e a d- L i t h i u m  
(Oak Ridge N a t i o n a l  Laboratory )  . . . . . . . . . . . . . . . . . . . . . . . . . . . .  176 

Despite its attractiveness as a low activation material, FeJAl was found to have 
relatively pwr corrosion resistance in molten lithium at 5OO0C. The corrosion of 
another ordered metallic alloy, Fe-Ni-V, by lithium at 60OOC was found to be a two- 
stage process involving preferential depletion of nickel and nitriding andlor car- 
burizing of vanadium. Results from percolation theory showed that n reactive path 
model could not explain the irregular attack induced hy preferential depletion in a 
lead-lithium environment; a mcdel based on surface destabilization appeared to be 
more appropriate. 

6 . 5 . 2  Corros ion  and Mass T r a n s f e r  i n  L i th ium 12Cr-1MoVW S t e e l  Systems ( U n i v e r s i t y  o f  
C a l i f o r n i a  - Los Angeler  and Oak Ridge N a t i o n a l  Laboratory )  . . . . . . . . . . . . .  180 

A corrosion and mass transport study utilizing two lithium/lZCr-IMoVW steel 
thermal convection lwps was completed after 3040 and 2510 h at maximum temperatures 
of 505 and 65SoC, respectively. Mass transfer was not a simple function of tem- 
perature and elemental soluhility and temperature gradient played an important role. 
At temperatures above 58a0°C, mass transfer was dominated by temperature gradient 
while, between 450 and 580°C, it appeared to be controlled by surface reactions 
invoIving nitrogen, lithium, and chromium and surface carbides. The corrosion rates 
from this uork uere sisnfficantly lower tbhan those adopted in recent hlankst studies. 

6.5.3 Assessment o f  Stress-Corrosion Cracking f o r  Near-Term Fusion Reactors ( P a c i f i c  
Northwest  Laboratory )  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  184 

Water-cwled, near-tern fusion reactors uill operate under conditions at uhich 
SCC is possible; however, control of material purity and fahrication procedures can 
reduce the probability of crack initiation and growth. Sore of the critical issues 
identified in this evaluation are: 1)  uill irradiation-assisted stress-corrosion 
cracking UASCC) occur nt temperatures lower than lOO"C, and if so, is the neutron 
fluencs threshold equal to or less than near-term reactor fluences? 2)  vi11 aqueous- 
salt solutions cause SCC? and 3) w i l l  radiolysis accelerate SCC in clean uater or 
aqueous-salt cwlants? 

6 . 5 . 4  Corrosion and C o m p a t i b i l i t y  S t u d i e s  i n  Flowing L i t h i u m  Environments (Argonne 
N a t i o n a l  Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  189 

A neu sxperimental facility has been constructed for investigating the 
corrosionlnass transferldeposition mechanisms that are anticipated when liquid 
lithilu is used as a tritium breeding material for fusion reactors. 
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7 .  SOLID BREEDING MATERIALS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
7.1 Uechanical P r o p e r t i e s  of S o l i d  Breeder  M a t e r i a l s  (Argonne N a t i o n a l  Laboratory)  . . .  

R o o .  temperature s t r eng th ,  f r a c t u r e  toughness, Young's mcdulus, and thermal-shock 
res i s tance  were determined f o r  68 t o  9Bz dense l i t h i u m  o r t h o s i l i c a t e  (Li.Si0,) specimens. 
In t h e  low-densi ty  regime. both s t rength  and f r a c t u r e  toughness were contro l led  by t h e  den- 
s i t y  o f  t he  specimen. 
va lues  ranged from 30 to  103 GPa f o r  d e n s i t i e s  ranging from 68 to 98% TD. 
quenching temperature d i f f e r e n c e  in t h e  range of  150 to 170'C was observed in thermal-shock 
tests of bar specimens. 
a t  T S800°C before  reaching s teady  s t a t e  and deforms p l a s t i c a l l y  a t  above 900°C. A t  9OO0C, 
it is =ore creep- res is tant  than L i z O ,  about equal t o  Li,ZrO,, and less c r e e p r e s i s t a n t  than 
LiAlO, and L i  rSiOl. 

7 . 2  Adsorpt ion,  D i s s o l u t l o n ,  and Desorpt ion C h a r a c t e r i s t i c s  o f  t h e  liA102-HI0 System 
(Argonne N a t i o n a l  Labora tory )  . . . . . . . . . . . . . . . . . . . . . . . . .  

The most recent  correc t ions  have been applied t o  t h e  isotherms f o r  UIO adsorption and 
O R  s o l u b i l i t y  on and in L i A l O ,  for the  temperatures o f  400, 500, and 60O0C. For adsorp- 
tion, these  correc t ions  are f o r  t h e  d i s so lu t i on  process t h a t  proceeds s imu l tanwus l y  w i t h  
adsorption.  
base l ine  condi t ions .  
a t  400OC i s  t o  be  understood as  r e f l e c t i n g  two chemisorption processes  wi th  d i f f e r e n t  a c t i -  
va t ion  energies .  
w i t h  rising temperature.  

1 . 3  Model ing of T r i t i u m  Transport  i n  Ceramic Breeder M a t e r i a l s  (Argonne N a t i o n a l  
Laboratory)  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

A t  h igh  d e n s i t y ,  t he  s t rength  depends on grain  s ize.  Young's rcdulus 
A c r i t i c a l  

Steady- state creep tests ind ica ted  t h a t  9 4  dense Li.Si0. f r a c t u r e s  

For s o l u b i l i t y ,  t h e  correc t ions  are f o r  res idual  hydroxide corresponding to 
The observed higher degree o f  adsorption a t  500°C compared w i t h  t h a t  

An a tomi s t i c  b a s i s  f o r  t h e  d i s t i n c t i o n  is given .  S o l u b i l i t y  decreases 

A computer program f o r  t r i t i u m  re l ease  determined by d i f f u s i o n  and desorpt ion  has  been 
developed. This m o d e l  gives b e t t e r  agreement wi th  experimental da ta  than does a pure d i f -  
f u s i o n  rodel.  
di f fus ion-desorpt ion  model i n d i c a t e s  t h a t  for L i 1 0  d i f f u s i o n  dominates t h e  t r i t i u m  re l ease  
a t  high temperatures for large  grain  radius  sanples and desorpt ion  doninares a t  low tem- 
peratures  f o r  snmples w i t h  a small  gra in  radius .  

An i nve s t i ga t i on  o f  t h e  temperature and grain  size dependence o f  t h e  

7 . 4  E f fec t  of I r r a d i a t i o n  on t h e  Thermal C o n d u c t i v l t y  of LiA102 and L i 2 0  ( P a c i f i c  
Northwest  Laboratory  and Westinghouse Hanford Company) . . . . . . . . . . . . . . . . . . .  

L i A l O ,  aod 11.0 are two candidates for tritium breeder ma te r i e l s  in f u s i o n  reac tors  
Although i r r a d i a t i o n  may which rust  operate w i t h i n  s p e c i f i c  design temperature windows. 

cause large  reduct ions  in thermal conduc t i v i t y  a t  r w m  temperature,  the e f f e c t  a t  operat ing  
temperatures (T > 400OC) is much less. 
maintain temperatures w i t h i n  t h e i r  i n i t i a l  temperature windows during operat ion .  

Hence, t he se  s o l i d  hreeder r a t e r i a l s  are expected to 

8.  CERAMICS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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t i v i t i e s  of i n su la t i ng  c e r e r i c s  for W E  appl ica t ions  do not inc lude  q u a n t i t a t i v e  assessments  
of  t h e  impact of such changes on mater ie l  or device  f a i l u r e .  
ca l cu la t i ons  based on a d e l  published for some time b u t  n o t  appl ied  u n t i l  v e ry  r e c e n t l y  t o  
radia t ion  damage. I t  incorporates t h e  Ueibull  d i s t r i b u t i o n  for f r a c t u r e  s t a t i s t i c s ,  such a s  
used in the mid 1980's for gyrotron windows in  a ' rad ia t i on l e s s '  environment. 
sequence of applying t h i s  and another model i n  t h e  contex t  o f  an alumina [a-AI.0,) or 
beryllie 'rf' window sub j ec t  [during ECRX use] t o  d i e l e c t r i c  and thermal-conduct iv i ty  damage 
and s t rength  changes, a s  induced by f a s t  neutrons,  involves reduct ions  i n  service l i f e t i m e s  
by orders o f  nagnitude. 

We present  d e t a i l s  here  on 
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DESIGN AND FABRICATION OF HFIR-MFE RB' SPECTRALLY TAILORED IRRADIATION CAPSULES - A. W. Longest (Oak Ridge 
Nat iona l  Laboratory),  J. E. Corum (Midwest Technical, Inc.), and D. W. Heatherly (Oak Ridge Nat ional  
Laboratory) 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  work i s  t o  design and f a b r i c a t e  i r r a d i a t i o n  capsules f o r  t e s t i n g  magnetic fusion 
energy (MFE) f i r s t - w a l l  ma te r ia l s  i n  the  High Flux Isotope Reactor (HFIR) removable b e r y l l i u m  (RE*) pos i-  
t i ons .  Japanese and U.S. MFE specimens are be ing t r a n s f e r r e d  t o  RB* p o s i t i o n s  f o l l o w i n g  i r r a d i a t i o n  t o  
8 dpa a t  temperatures of 60, 200, 330. and 400OC i n  Oak Ridge Research Reactor (ORR) experiments ORR-MFE-6J 
and -75. 

SUMMARY 

Design and f a b r i c a t i o n  o f  f o u r  HFIR-MFE RB* capsules (60, 200, 330, and 400'C) t o  accomodate MFE speci-  
mens p r e i r r a d i a t e d  i n  s p e c t r a l l y  t a i l o r e d  experiments i n  t h e  ORR are proceeding s a t i s f a c t o r i l y .  
su le  designs incorporate  p rov is ions  f o r  removal, examination. and re-encapsulat ion of the  MFE specimens a t  
i n te rmed ia te  exposure l e v e l s  en rou te  t o  a t a r g e t  exposure l e v e l  of 30 displacements per atom (dpa). With 
t h e  except ion o f  the  60°C capsule, where t h e  t e s t  specimens w i l l  be i n  d i r e c t  contact  w i t h  the  reactor  
c o o l i n g  water, t h e  specimen temperatures (monitored by 21 thermocouples) w i l l  be c o n t r o l l e d  by vary ing the  
thermal conductance o f  a small gap reg ion between the  specimen ho lder  and t h e  containment tube. 
sleeves w i l l  be used t o  t a i l o r  the  neutron spectrum t o  c lose ly  match the hel ium production- to-atom d isp lace-  
ment r a t i o  (14 appmldpa) expected i n  a fus ion  reactor  f i r s t  wal l .  

Design and preparat ion o f  f a b r i c a t i o n  drawings fo r  the  60 and 330'C capsules and a l l  generic capsule 
components and support  f a c i l i t i e s  have now been completed. Assembly of t he  60°C capsule i s  complete and the  
330°C capsule i s  nearing completion. 
f u l l  power operat ion. Design and p repara t ion  o f  f a b r i c a t i o n  drawings f o r  t h e  200 and 400OC capsules w i l l  be 
completed i n  1988,  and operat ion o f  these two capsules w i l l  f o l l o w  the  f i r s t  two (60 and 330'C). 

These cap- 

Hafnium 

The i r r a d i a t i o n  of both capsules w i l l  begin when the  HFIR re turns t o  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

A se r ies  o f  s p e c t r a l l y  t a i l o r e d  i r r a d i a t i o n  capsules are being designed and fab r i ca ted  as p a r t  of the 
U.S.lJapan c o l l a b o r a t i v e  program f o r  t e s t i n g  MFE f i r s t - w a l l  ma te r ia l s  i n  mixed-spectrum f i s s i o n  reactors.  
The t e s t  specimens w i l l  be i r r a d i a t e d  i n  t h e  new RB* f a c i l i t y '  o f  t he  HFIR. 

i r r a d i a t e d  t o  8 dpa a t  temperatures o f  60, 200, 330, and 40OoC i n  the  ORR s p e c t r a l l y  t a i l o r e d  experiments 
ORR-MFE-6J and -75. D e t a i l s  of these ORR experiments, i n c l u d i n g  desc r ip t i ons  o f  t h e  t e s t  matr ix ,  mechanical 
p roper ty  specimens, and techniques of spect ra l  t a i l o r i n g ,  have been repor ted elsewhere.2~3 

product ion- to-atom displacement r a t i o  o f  14 appmfdpa i n  the  fus ion  reac to r  f i r s t  wa l l  i s  accomplished by 
va ry ing  t h e  amount o f  neutron moderator and thermal neutron absorber ma te r ia l s  surrounding the  capsule. 
Th is  c o n t r o l s  the  two-step s e N i  thermal neutron r e a c t i o n  producing helium, w h i l e  f a s t  neutrons are simul-  
taneously producing atomic displacements. 
i r r a d i a t i o n  progresses; t h i s  requ i res ongoing neut ron ics  analys is  support as provided fo r  t h e  ORR 
experiments. '* 

The HFIR-MFE RB* capsules are designed fo r  i n s e r t i o n  i n t o  any o f  the  e i g h t  large- diameter holes (46 mn) 
of the  HFIR RB* f a c i l i t y .  Damage ra tes  w i l l  increase from about 4 dpalyear i n  t h e  ORR experiments t o  8 dpa l  
year i n  t h e  HFIR RE* f a c i l i t y  (based on 85 MW HFIR power). 

Test specimen nominal loadings f o r  the  f i r s t  f o u r  capsules are given i n  Table 1. Beginning wi th  r e t u r n  
o f  t he  HFIR t o  f u l l  power i n  1988, these capsules w i l l  be i r r a d i a t e d  i n  p a i r s  ( f i r s t  t he  60 and 330'C cap- 
sules, then t h e  200 and 400°C capsules) t o  a damage l e v e l  of 20 dpa. 
t e s t  specimens w i l l  be removed, examined, and approximately one-half  o f  them re-encapsulated f o r  i r r a d i a t i o n  
t o  30 dpa. 

The f i r s t  f o u r  HFIR-MFE RB* capsules are designed t o  accomnodate Japanese and U.S. MFE specimens pre- 

Spectral  t a i l o r i n g  o f  t h e  neutron f l u x  t o  s imulate  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  the  expected hel ium 

I n  general, t he  neutron energy spectrum must be hardened as t h e  

A f t e r  these f o u r  i r r a d i a t i o n s ,  the  



Table 1. Test specimen nominal loadings f o r  
t h e  HFIR-MFE RB* capsules 

Number o f  specimens i n  capsule 
60°C 200'C 330°C 4 O O Y  Specimen Type 

Pressurized tube 39 26 45 39 
Tube blank 9 9 9 9 

Transmission e l e c t r o n  
microscopy tube 

SS-1 t e n s i l e  90 83 76 64 
SS-3 t e n s i l e  54 54 15 15  
Grodzinski  f a t i g u e  56 24 56 40 

Rod t e n s i l e  0 0 4 0 
Crack growth 30 30 10 10 

Hourglass f a t i g u e  0 0  0 5 

60°C Capsule 

The 60DC capsule, designated HFIR-MFE-60J-1, i s  
uninstrumented w i t h  the t e s t  specimens i n  contact  
w i t h  t h e  reactor  coo lant  water. A ho r i zon ta l  cross 
sec t ion  through t h i s  capsule i s  shown i n  Fig. 1. 
Coolant f l ow  channels are  provided i n  t h i s  design t o  
coo l  t h e  capsule i n t e r n a l l y  as w e l l  as ex te rna l l y .  
The var ious coo lant  passages were designed t o  permi t  
water f l o w  ra tes  o f  0.63 L/s over the  capsule sur- 
face, 0.57 L/s  between t h e  capsule tube and t h e  
specimen holder,  0.076 L I S  through t h e  c e n t r a l  spec- 
imen ho le  i n  t h e  specimen holder,  and 0.063 LIS 
through each o f  t h e  o the r  four specimen holes i n  the  
specimen holder.  Resu l t i ng  specimen temperatures 
a re  p red ic ted  t o  be w i t h i n  ? l O ° C  o f  60T. 

and the  capsule has been placed i n  dry storage a t  
the  HFIR u n t i l  t h e  reactor  re tu rns  t o  power. The 
r a d i o a c t i v e  t e s t  specimens were success fu l l y  loaded 
i n t o  the  capsule i n  about one week. The specimen 
load ing  arrangement and t h e  i d e n t i f i c a t i o n  of the  
specimens i n  each p o s i t i o n  are g iven i n  Figs. 2 and 
3, respect ive ly .  

Assembly of the  6OoC capsule has been completed, 
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The 330°C capsule (designated HFIR-MFE- 
3305-1) design was descr ibed i n  d e t a i l  i n  the  
preceding progress report.5 Assembly of t h i s  
capsule has been completed t o  t h e  p o i n t  where i t  
i s  ready f o r  l oad ing  of the  r a d i o a c t i v e  t e s t  
specimens i n  t h e  hot  c e l l .  Fo l lowing t h e  speci-  
men load ing  and complet ion of the  f i n a l  c losure 
weld a t  t h e  hot  c e l l ,  t he  capsule w i l l  be t rans-  
f e r r e d  t o  the  H F I R  and s tored i n  the  HFIR pool 
u n t i l  t h e  reac to r  re tu rns  t o  power. 

400OC Capsule 

Design o f  the  40OoC capsule w i l l  be s i m i l a r  
t o  the  330°C capsule and i s  scheduled t o  be 
completed by t h e  end of 1988. 

200OC Capsule 

The 200°C caosule oresents a soec ia l  desisn 
problem because i t  i s  d i f f i c u l t  t o  kemove the  
l a r g e  amount o f  gamma heat generated i n  t h e  cap- 
s u l e  wh i le  a t  the  same t ime  c o n t r o l l i n g  the 
opera t ing  temperature a t  200OC. As discussed i n  
t h e  preceding progress report ,s several  poss ib le  
design concepts being considered f o r  the  200°C 

Fig. 1. Hor izonta l  sec t ion  through the  capsule include: (1) an aluminum a l l o y  specimen 
HFIR-MFE-60J-1 capsule. ho lder  w i t h  a convent ional temperature c o n t r o l  

gas gap which would be on ly  about -0.029 mn 
t h i c k  a t  operat ing temperature, (2) use o f  a 

very low dens i t y  m a t e r i a l  f o r  t h e  specimen holder,  such as an aluminum foam product,  which would permi t  use 
of a somewhat l a r g e r  temperature c o n t r o l  gas gap, (3) use of e l e c t r i c  heaters f o r  temperature c o n t r o l  w i t h  
gas gap thicknesses reduced t o  the  minimum needed f o r  assembly, so  t h a t  operat ing temperature would be below 
200OC under t h e  cond i t i on  o f  no heater power, and (4) use o f  a r e l a t i v e l y  l a r g e  temperature con t ro l  gas gap 
(-0.76 mn) f i l l e d  w i t h  a b ina ry  ( coarse f f i ne )  m ix tu re  of m e t a l l i c  microspheres. I n  the  l a t t e r  concept, tem- 
pera tu re  would be c o n t r o l l e d  p r i m a r i l y  by vary ing the  i n e r t  gas pressure (and hence t h e  mean f ree path of 
t h e  gas molecules) i n  the  p a r t i c l e  bed t o  change i t s  thermal conductance. 
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A dec is ion  on the  design concept t o  use f o r  t h e  200°C capsule w i l l  be made soon. A t  t h i s  time, i t  
appears t h a t  the  choice w i l l  be between concepts 1 and 4 above. 
f u l l y  evaluate concept 1 i n  view o f  the  h i g h l y  successful f a b r i c a t i o n  of the  s i m i l a r  330'C capsule specimen 
ho lde r  and containment tube parts.  
if i t  i s  not se lected fo r  the  200'C capsule, so t h a t  data w i l l  be a v a i l a b l e  f o r  f u t u r e  cons iderat ion o f  i t s  
use. 
f u l l y  demonstrate the  w o r k a b i l i t y  of t h i s  new capsule temperature con t ro l  concept. 

Add i t i ona l  thermal analyses w i l l  be made t o  

We p lan  t o  complete out-of- reactor development t e s t i n g  of concept 4 even 

Should concept 4 be se lected f o r  the  200°C capsule, an in- reac to r  mockup capsule should be operated t o  

FUTURE WORK 

Design and preparat ion of f a b r i c a t i o n  drawings f o r  the  200 and 400'C HFIR-MFE RE* capsules are sheduled 
t o  be completed by the  end of 1988. 
specimens a f t e r  20 dpa i s  scheduled t o  be completed i n  FY 1990. 

Preparat ion o f  f a b r i c a t i o n  drawings f o r  re-encapsulat ion of the MFE 

Fabr i ca t ion  of pa r t s  fo r  the  200 and 400'C capsules w i l l  cont inue i n t o  FY 1989. 
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STATUS OF U.S.-JAPAN COLLABORATIVE PROGRAM PHASE I 1  HFIR TARGET CAPSULES - R. L. Senn (Oak Ridge Nat ional  
Laboratory) 

OBJECT I YE 

The o b j e c t i v e  of t h i s  program i s  t o  determine the  response o f  var ious U.S. and Japanese a u s t e n i t i c  
s t a i n l e s s  s tee ls  w i t h  d i f f e r e n t  pretreatments and a l l o y  compositions t o  t h e  combined ef fec ts  of displacement 
damage and hel ium generat ion a t  temperatures i n  t h e  range o f  300 t o  60OOC. 

SUMMARY 

The experiment ma t r i x  f o r  Phase I 1  H F I R  t a r g e t  capsules (JP-9 through JP-16) was f u r t h e r  rev ised t o  
reso lve c e r t a i n  discrepancies regarding specimen volume and p o s i t i o n  d e t a i l s .  
for  these changes was completed and the  requi red new par t s  are  on order.  
assembled and i n s t a l l e d  i n  the  HFIR simultaneously beginning w i t h  the f i r s t  f u l l  power operat ing cycle.  

A thermal ana lys is  t o  account 
A l l  e i g h t  capsules W i l l  be 

PROGRESS AND STATUS 

I n t r o d u c t i o n  

The program f o r  U.S.-Japan c o l l a b o r a t i v e  t e s t i n g  of the  Phase 11 HFIR t a r g e t  capsules cons is ts  of e i g h t  
capsules, JP-9 through JP-16. 
porate  f o u r  t e n s i l e  bar specimens i n  p lace of four p rev ious ly  s p e c i f i e d  TEM specimen assemblies. 
a d d i t i o n a l  sheet specimen was added t o  JP-14, rep lac ing  a TEM. A new thermal ana lys is  was requi red f o r  
these changes, and new par t s  were ordered. 

I n  order  t o  p roper l y  a l l o c a t e  specimen volumes, JP-15 was changed t o  i nco r-  
Also, an 

Experiment Ma t r i x  

The rev ised Phase I 1  experiment ma t r i x  i s  shown i n  Fig. 1. As p rev ious ly  reported, these experiments 
i nco rpora te  t ransmiss ion e l e c t r o n  microscopy (TEM), t e n s i l e  ba r  (TB), hourglass fa t i gue  (F) ,  SS-3 sheet 
t e n s i l e  [ T ( 2 )  and T(4)1 ,  and welded sheet (SHEET) specimens. Specimen mate r ia l ,  design specimen tem- 
peratures, and the  l o c a t i o n  o f  the  var ious specimen ho lders  are shown on t h e  f i gu re .  
p o s i t i o n  numbering system (from 1 a t  t h e  top through 11 a t  t he  bottom) was modi f ied by ass ign ing p o s i t i o n s  
l A ,  16, etc., t o  t h e  shor te r  specimens. 

The p rev ious ly  used 

Thermal Analysis 

As noted above, a d d i t i o n a l  thermal analyses were requi red because of the  rev is ions.  De ta i l ed  r e s u l t s  
frm these c a l c u l a t i o n s  are shown i n  Tables 1 and 2 f o r  capsules JP-14 and -15, respect ive ly .  

Present Status 

Par ts  f o r  the  e i g h t  new capsules are on hand except fo r  t h e  recen t l y  rev i sed  assemblies, which are on 
order. The var ious specimens are i n  preparat ion. 

FUTURE WORK 

Assembly o f  t h e  e i g h t  capsules i s  planned f o r  complet ion as soon as specimens are ava i lab le .  w i t h  
i n s t a l l a t i o n  i n  t h e  HFIR a t  the  e a r l i e s t  oppor tun i ty .  
d i c t e d  t o  begin  i n  October 1988. 

F u l l  power operat ion of the  reactor  i s  p resen t l y  pre-  
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4 4.768 37.67 37.67 TEM 
5A 3.448 41.51 41.51 T(2) 
5B 2.384 43.80 43.80 T(4) 
5c 1.320 45.37 45.37 T(4) 

Table 1. HFIR t a r g e t  capsule JP-14 thermal ana lys i s  

500 0.0153 
500 0.0057 
400 0.0036 
500 0.0052 

near I 

Table 2. HFIR t a r g e t  capsule JP-15 thermal ana lys is  

Heat 
Generation 

Posi- E leva t ion  mN HGEN Speci- 
t i o n  from CL SST A1 men 

No. ( in . )  (W/g) ( W g )  Type ** 

Generation 
Pos i-  E leva t ion  
t i o n  from CL 

No. ( in.) ** 

1 9.114 17.16 17.16 SHEET 500 0.0145 
2 7.728 25.01 25.01 T (2 )  500 0.0097 
3 6.408 31.35 31.35 TEM 600 0.0267 

--b 0.000 46.30 46.30 - T E L  5 0 0-  0.0119 I -  
7c 1.320 45.37 45.37 T ( 4 )  1 500 0.0052 
78 2.384 43.80 43.80 Tf4) 400 0.0036 

400 0.0038 
400 0.0103 

7A 3.448 41.51 41.51 
8 4.768 37.67 37.67 
9 6.408 31.35 31.35 

10 7.728 25.01 25.01 0.0065 
11 9.114 17.16 17.16 %hI % 0.0145 

F = f a t i g u e  specimens, TEM = TEM d i s k  speci-  ** 
mens, TB = t e n s i l e  bar specimens, T(2) = two SS-3 
f l a t  t e n s i l e  specimens/holder, T(4) = f o u r  SS-3 f l a t  
t e n s i l e  specimens/holder. SHEET = two welded sheet 
specimensfholder. 

Note: 
neut ron ic  heat )  and same f o r  bath aluminum and SST. 
J capsule. 55 dpa. 

Assumes 85 MW reac to r  power (85% 

1 9.099 17.25 17.25 
7T _ .  
2 7.495 26.21 26.21 TB 
28 
3T 
3 5.745 34.11 34.11 TB 
?R _. 
4T 4.715 37.85 37.85 
4 4.215 39.42 39.42 TB 
48 3.715 40.83 40.83 
5T 2.965 42.64 42.64 
5 2.465 43.65 43.65 TB 
58 1.965 44.50 44.50 
6T 
6 0.770 45.89 45.89 TEM 
68 

7T 
7 0.870 45.81 45.81 TEM 
78 
8T 2.065 44.35 44.35 
8 2.565 43.46 43.46 TB 
88 3.065 42.42 42.42 
9T 3.815 40.56 40.56 
9 4.315 39.12 39.12 TB 
98 4.815 37.52 37.52 

101 
10 5.845 33.71 33.71 TB 
106 
11T 
11 7.595 25.70 25.70 T8 
l l B  
12 9.127 17.08 17.08 

Rluminum soacer 
0.0235 

500 0.0685 
0.0195 
0.0165 

500 0.0440 
0.0150 
0.0059 

300 0.0125 
..... . 
0.0084 

400 0.0187 
0.0079 

500 0.0120 

600 0.0175 

0.0165 
600 0.0422 

0.0163 
0.0173 

600 0.0492 
0.0189 
0.0210 

600 0.0735 
0.0235 
0.0280 ~~~~~ 

600 0.1285 
0.0345 

A1 umi num spacer 

F = f a t i g u e  specimens, TEM = TEM d i s k  speci-  
mens, TB = t e n s i l e  bar specimens, T (2 )  = two f l a t  
t e n s i l e  specimenlholder. T(4 )  = f o u r  55-3 f l a t  ten-  
s i l e  specimens/holder. 

Note: 
neu t ron ic  heat )  and same f o r  both aluminum and SST. 
U.S. capsule, 100 dpa; thermal ana lys i s  from CTR-58 
work of I. I. Siman-Tov. 

** 

Assumes 85 MW reactbr  power (85% 
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REDUCED ACTIVATION CALCULATIONS AT HANFORD - F. M. Mann. Westinghouse Hanford Company 

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  support t h e  ma te r i a l s  program by c a l c u l a t i n g  t h e  a c t i v a t i o n  o f  
ma te r l a l s  proposed fo r  f u tu re  devices and of ma te r i a l s  undergoing t e s t s  and by improving t h e  codes and 
l i b r a r i e s  invo lved i n  t h e  ca l cu la t i ons .  

SUMMARY 

Ma te r i a l  a c t i v a t l o n  i s  an inherent  p roper ty  o f  d-T fus ion  devices. Ma te r i a l s  can be chosen. 
therefore. n o t  on l y  f o r  t h e i r  s t r u c t u r a l  p rope r t i es  under i r r a d i a t i o n  b u t  a l so  for t h e i r  favorable 
a c t i v a t l o n  c h a r a c t e r i s t i c s .  
l i k e  cond i t i ons  show t h a t  t h e  reduced a c t i v a t i o n  m a t e r i a l s  being pursued would meet NRC Class C 
regu la t l ons  f o r  near sur face  disposal .  L i m i t s  f o r  each o f  t h e  m a t e r i a l s  s tud ied  a re  determined by t h e  
presence of  Mo and Nb (whether as a minor cons t l t uen t  or  as i m p u r i t i e s ) .  
sec t l on  and decay data l l b r a r i e s  I nvo l ve  t h e  c r e a t i o n  o f  a j o l n t  Dutch-U.K.-U.S. a c t i v a t i o n  c ross  sec t i on  
l i b r a r y  and i n  using t h e  ENDF/B-VI l i b r a r i e s .  

Ca l cu la t i ons  of  t h e  long- term a c t l v a t l o n  f o r  va r i ous  ma te r i a l s  under ITER- 

Plans for improving t h e  c ross  

STATUS AND PROGRESS 

Introduction 

Because of i t s  ex tens ive  l i b r a r i e s  and ease of  use, t h e  REAC2’ a c t i v a t l o n  and t ransmuta t ion  code 
system has o f ten  been used t o  c a l c u l a t e  t h e  a c t i v a t i o n  p rope r t i es  of  proposed fusion mater ia ls .  With t h e  
design for t h e  ITER ( I n t e r n a t i o n a l  Thermonuclear Experimental Reactor) accelerat lng.  quest ions concernlng 
t h e  a c t l v a t i o n  o f  m a t e r i a l s  i n  such a devlce a re  being raised. 

I n  o rder  t o  improve t h e  q u a l i t y  of t h e  a c t i v a t l o n  ca lcu la t ions .  t h e  c ross  sec t i on  and decay data 
l i b r a r i e s  need t o  be improved. Plans have been l a i d  t o  accomplish t h i s  improvement. Most important  I n  
t h l s  task  is t h e  agreement among Harwel l  (England). Energy Centrum Nederland (Hol land),  and Hanford 
(U.S.)  t o  c rea te  a j o i n t  a c t i v a t i o n  1 i b ra ry .  - 

To determine t h e  a c t i v a t i o n  under ITER- like condi t lons.  ma te r i a l  composi t ions o f  l i k e l y  f i r s t  w a l l  
m a t e r i a l s  were transmuted through t h e  use of  t h e  REACZ code us ing  t h e  f i r s t  wa l l  STARFIRE f l u x .  
t h e  U.S. a l l o y  design experlence as a guide. t h e  a c t i v a t l o n  o f  two f e r r i t l c  s t e e l s  (9Cr-1Mo and t h e  
reduced a c t l v a t l o n  9Cr-WV). two a u s t e n i t i c  s t e e l s  ( A I S 1  316 and t h e  reduced a c t i v a t i o n  1ZCr-MMn). and a 
vanadium a l l o y  ( V - E C r 4 T I )  were ca l cu la ted  f o r  a 5 M-y/m2 exposure. The i n l t i a l  ma te r i a l  composi t ions 
(see Table I) of t h e  s t e e l s  were supp l ied  by Arthur Rowcl i f fe of  ORNL, wh l l e  t h e  composi t ion of  t h e  
gvanadium a l l o y  i s  a gener ic  desc r l p t i on .  

F i v e  t imesteps were used t o  inc lude t h e  e f f ec t s  of  mu l t i- s tep  react ions.  
spectrum was used s ince  t h e  ITER design i s  expected a l so  t o  have water cool ing.  t hus  producing a f i r s t  
w a l l  spectrum i n  ITER s i m i l a r  t o  t h a t  ca l cu la ted  f o r  STARFIRE. 
i s  n o t  p resen t l y  known. t h e  t i m e  h i s t o r y  vas assumed t o  be f u l l  power (3.6 MWlm2) f o r  500  days. 
assumed power h i s t o r y  w i l l  n o t  a f f e c t  t h e  conclusions f o r  l ong  te rm wastes. b u t  w l l l  over-est lmate sho r t  
term wastes (i.e. those products  having h a l f - l i v e s  l e s s  than a year)  r e l a t l v e  t o  a c a l c u l a t i o n  f o r  a long 
t i m e  a t  low power. 

c l a s s  C waste d isposal  r a t i n g  i s  d isplayed i n  F igu re  3. 
Tc-99 (from No) a re  t h e  main sources of t h e  waste d isposal  r a t l ng .  
where Mo and Nb a r e  impu r i t i es .  
s i g n i f i c a n t  c o n t r l b u t l o n  t o  t h e  l ong  te rm decay r a t e  (which Invo lves  j u s t  t h e  amount o f  ma te r i a l  and i t s  
h a l f - l i f e )  a r e  o the r  isotopes (Re186* from W f o r  t h e  s t e e l s )  and C-14 f o r  t h e  vanadium a l l a y .  Nb-94 and 
Tc-99 a r e  most s l g n i f i c a n t  I n  t h e  waste r a t l n g  because o f  t h e l r  gamma emissions and t h e i r  m o b i l i t y  i n  
s o i l .  

Using 

The STARFIRE f l r S t  Wall 

Because t h e  d e t a l l e d  t lme  h l s t o r y  o f  ITER 
Th i s  

Decay r a t e  and dose r a t e  as a func t ion  of  decay t lme a r e  shown i n  F igures  1 and 2. The 10 CFR 6 1  
For  a l l  m a t e r i a l s  studied. Nb-94 ( f rom Nb) and 

It should be noted. however. t h a t  t h e  iso topes  p rov id i ng  t h e  most 
Th i s  I s  even t r u e  f o r  those m a t e r i a l s  

To determine t h e  e f f e c t  of longer  i r r a d i a t i o n s .  t h e  c a l c u l a t l o n s  were repeated f o r  a 10 year exposure, 
corresponding t o  36 W-Yr/m2. 
through VI. 
such a h l g h  exposure - about 450 dpa (which is beyond t h e  c a p a b i l l t y  o f  present  ma te r i a l s )  - t h e  l e v e l s  
o f  I m p u r i t i e s  must be g r e a t l y  reduced t o  meet Class C d isposal  l eve l s .  

The r e s u l t s  a r e  shown i n  f i g u r e s  4 through 6 and dlsplayed i n  Tables I1  
Although some departure away from a l i n e a r  f u n c t i o n  o f  f luence I s  seen, it i s  small .  A t  
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The q u a l i t y  o f  a l l  act a t i o n  ca lcu le  
used. Because o f  t h e  l a r g e  amount o f  da 
evaluated so as t o  be of  t h e  h iahes t  aua 

Ions depends on t h e  qua 
I used. only t h e  most i 

I t y  o f  t h e  c ross  sec t i on  and decay da ta  
) o r t a n t  data i n  t h e  l i b r a r y  can be 

I t y .  For example. t h e  ,185 (n.gamma) Re186* c ross  sec t i on  was 
i n i t i a l l y  est imated t o  be t h e  sime a s ' t h e  c ross  sec t i on  t o  t h e  ground s t a t e  o f  Re186. 
of i t s  importance. an eva lua t i on  o f  t h e  c ross  sec t i on  was performed which shows t h a t  t h e  c ross  sec t i on  t o  
t h e  isomer ic s t a t e  is l i k e l y  f i v e  orders  of  magnitude less.  

However, because 

To increase t h e  q u a l i t y  of  t h e  data l i b r a r i e s .  a p lan  was developed. 
Laboratory (England). t h e  Energy Centrum Nederland (Holland). and t h e  Hanford Laboratory have agreed t o  
c rea te  a j o i n t  a c t i v a t i o n  l i b r a r y  f o r  both na t i ona l  and ITER use. 
has been adopted. Ca l cu la t i ons  by Dr. Wi l l i am Wilson o f  t h e  Los Alamos Nat iona l  Laboratory w i l l  be used 
t o  rep lace  THRESH systemat ic  ca l cu la t i ons .  O r .  Robin F o r r e s t  o f  Harwel l  w i l l  use t h e  THRESH s y s t m a t i c s  
computer code t o  c a l c u l a t e  c ross  sec t ions  f o r  sho r t- l i ved  isotopes and f o r  isomers. The THRESH r e s u l t s  
a re  normalized by Harwel l  and ECN by experimental da ta  and by improved s y s t m a t l c s .  The f i r s t  re lease i s  
expected t o  be i n  t h e  f a l l  o f  1988. Th i s  l i b r a r y  w i l l  t hen  be processed i n t o  REACZ format. T h i s  summer, 
ENDF/B-VI eva lua t ions  w i l l  s t a r t  t o  be released. For  many o f  these evaluations. much e f f o r t  was spent  on 
a c t i v a t i o n  reac t ions  and these eva lua t ions  w i l l  a l so  be added t o  t h e  REACZ l i b r a r y .  When t h e  ENDFIE-VI 
decay l i b r a r y  (supp l ied  by O r .  Char les Reich o f  INEL) i s  released, t h e  REACZ decay da ta  l i b r a r y  w i l l  a l s o  
be updated. 

S c i e n t i s t s  from t h e  Harwel l  

A format s i m i l a r  t o  t h a t  o f  ENDF-VI 

REFERENCES 

1) F.M. Mann. i n  MFE F a c i l i t i e s  as 
and Transmutation). HEDL-TME 81-37. Westingho- 

Code SystwAx 
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Table I 
A l l o y  Compositions (weight  X) 

I so tope  

C 

V 
C r  
Mn 
Fe 
N i  
cu 
Nb 
Mo 
Ta 
W 
T i  

I so tope  - 
Fe- 55 
H -  3 
CO- 60 
Nb- 93* 
Mn- 54 
N i -  63 
Nb- 91 
Mo- 93 
v - 49 
Tc- 99 
Nb- 94 
C - 14 
co- 57 
N i -  59 
Ta-179 
Tc- 98 
Tc- 97 

Fe Fe Fe V 
9Cr-1Mo Cr-WV 316 12Cr-20Mn 15Cr-5Ti 
_ _ _ _ ~  

0.10 0.10 0.06 0.25 0.3 
0.05 0.005 0.01 0.005 0.7 

0.3 
0.15 0.15 0.6 0.20 
0.02 0.02 0.02 0.02 
0.01 0.01 0.01 0.01 
0.02 0.25 0.15 0.15 80. 
9.0 9.0 16.8 12.0 15. 
0.40 0.45 1.8 20.0 

88.8 87.9 64.5 66.3 0.05 
0.20 0.01 13.5 0.01 

0.3 
0.08 0.0001 0.05 0.0001 
1.0 0.001 2.5 0.001 0.0006 
0.01 0.08 0.02 0.02 
0.01 2.0 0.02 1.0 

5.0 

Table I1 

Fe-9CrlMo 
A c t i v a t i o n  a f t e r  10 Year Decay 

5 W-Y/mZ 36 W-Y/m2 

Decay Dose Class C Decay Dose Class C 
Rate(1) Rate(2) Waste(3) Rate(1) Rate(2) Waste(3) -__ ____ 
2.7e+O 
1 . 3 ~ - 1  
5.6~-3 
4.4e-3 
3.5e-3 
6.7~-4 
5.4e-4 
5 .2~ -4  
2.70-4 
2.3e-4 
8.2-5 
6.le-5 
3.9e-5 
6.8~-6 
3.8e-6 
2 .0~ -6  
1 .3~ -6  

(4 )  0. 1.6e+l (4) 0. 
(4 )  0. 3.0e+l ( 4 )  0. 
7.7e-3 0. 5 . 9 ~ - 2  8 . 0 ~ - 2  0. 
4.3e-5 ( 5 )  2 . 4 ~ - 2  2.4~-4 (5) 
1 .8~ -3  0. 6 . 3~ -3  3.20-3 0. 
( 4 )  9 . 5 ~ - 2  4 .8~-3  (4 )  6.8~-1 
(4 )  ( 5 )  4.0~-3 (4 )  ( 5 )  
3 .1~ -5  1.8et2 3 .5~ -3  2.1~-4 1.2et2 
( 4 )  0. 3.8e-4 ( 4 )  0. 
(4 )  7.6et0 7 . 4 ~ - 2  (4 )  6.2et2 
7 . 9 6 5  4.lecZ 5 .3~ -4  5 . 1 ~ - 4  2.40t3 
(4 )  7.7e-2 4.30-4 (4 )  5 . 4 ~ - 1  
3.7e-6 0. 4 .6~-5  4.40-6 0. 
(4)  3 .1~-2  4.6e-5 (4 )  2.le-1 
( 4 )  0. 5.7e-7 (4 )  0. 
(4 )  ( 5 )  7 .2~-4  (4 )  (5 )  
(4 )  ( 5 )  7 . 0 ~ - 4  ( 4 )  ( 5 )  

To ta l  5.7etO 9.60-3 4.4e+2 4.70t l  8.4e-2 3.2et3 
Ra t i o  t o  5MW-Y/m2 8.2 8.8 7.0 

1) u n i t s  a re  ( c u r i e / c d  
2 )  u n i t s  a re  (Rendhr-cJ) .  Dose i s  a i r  sh ie lded a t  1 meter from source 
3 )  10 CFR 61 values for metal a re  used t o  normal ize decay r a t e  
4) va lue i s  l e s s  than 1.0~-10 
5 )  no va lue spec i f i ed  i n  10 CFR 61  



Table I11 
Fe-9Cr-WV 

A c t i v a t i o n  a f t e r  10 Year Decay 

Iso tope 

Fe- 55 
H -  3 
Mn- 54 
CO- 60 
v - 49 
Ta-179 
Hf-178* 

__ 
Decay 

Rate(1)  

5.6e+O 
3.6e-2 
3.6e-3 
1.7e-3 
2.7~3-4 
2.le-4 

__ 

4.1~-5 

5 MW-Y/m2 

Dose Class C 
Rate(2) Waste(3) 

( 4 )  0. 
( 4 )  0. 
1 .8~ -3  0. 
2.3e-3 0. 
(4 )  0. 
(4 )  0. 
3 .1~-5  ( 5 )  

36 MW-Y/m2 

Decay Dose Class C 
Rate(1) Rate(2)  Waste(3) 

1.6e+l ( 4 )  0. 
3.le-1 (4 )  0. 
6 .3~-3  3 .2~ -3  0. 
4 . 0 ~ - 2  5.58-2 0. 
3.8e-4 (4 )  0. 
2.8s-5 (4 )  0. 
9.3e-5 6 .9~-5  ( 5 )  

____ 

Ni-  63 3.4e-5 ( 4 )  5.0e-3 2.4e-4 (4 )  3.4e-2 
Re-186 1.0e-5 (4 )  ( 5 )  7.8e-5 (4 )  (5) 
Re-186* 1.0e-5 (4 )  ( 5 )  7.8e-5 (4 )  ( 5 )  
Mn- 53 6.6e-6 ( 4 )  1.2e-2 4.58-5 (4 )  7.5e-2 
C - 14 6.le-6 ( 4 )  7.7e-3 4.3e-5 (4 )  5.4e-2 
Nb- 93* 5.4e-6 5.36-8 (5)  2.9e-5 2.9e-7 ( 5 )  
cb- 57 2.0e-6 1.8e-7 0. 
Nb- 9 1  5.4e-7 ( 4 )  (5 )  
Mo- 93 5.26-7 3.le-8 1.8e-2 
Ni-  59 3.4e-7 (4 )  1 .5~ -3  
Tc- 99 2.3e-7 (4 )  7.7e-3 
P - 32  1.Oe-7 (4 )  15) 
S i -  32 1.0e-7 (4 )  ( 5 )  
Nb- 94 1.08-7 9.8e-8 5 . b - 1  
Tc- 98 
Tc- 97 
Na- 22 

2.3e-6 2.23-7 0. 
4.0e-6 14) 15) 
3.5e-6 2.le-7 1.2e-1 
2 . 3 ~ - 6  ( 4 )  1. D e 4  
7.4e-5 (4 )  2.5e-1 
9.5e-7 (4 )  ( 5 )  
9.53-7 (4 )  ( 5 )  
6.4e-7 6.2e-7 2.9 
7.2e-7 (4 )  ( 5 )  
7.0e-7 (4 )  ( 5 )  
2.2e-8 3.le-8 0. 

To ta l  5.6e+0 4.2e-3 5 . 6 ~ - 1  1.6e+l S.6e-2 5.7 
Ra t i o  t o  SMW-Y/n? 2.9 1.38 10.0 

1) u n i t s  a re  t c u r i e / c d A  
2) u n i t s  are (Rem/hr-cm 1. Dose i s  a i r  sh ie lded a t  1 meter from source 
3)  10 CFR 6 1  values for metal a re  used t o  normal ize decay r a t e  
4 )  value i s  less than 1 .0~-10 
5 )  no va lue  spec i f ied  I n  10 CFR 6 1  
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Table I V  
A I S 1  316 

A c t i v a t i o n  a f t e r  10 Year Decay 

36 W-Y/m2 

Isotope 

Fe- 55 
H - 3  
CO- 60 
N i -  63 
Nb- 93' 
Nb- 91 
Mo- 93 
co- 57 
Mn- 54 
Nb- 94 
Tc- 99 
v - 49 
N i -  59 

- 
Decay 

Rate( 1) 

4.3eM 
2.9e-1 
2.8e-1 
4.5e-2 
3.66-3 3.6~2-5 
1.3e-3 (4) 
1.3e-3 7.5e-5 
2.6e-3 
2.5e-3 
6.Oe-5 
5.5e-4 
5.Oe-4 
4.6e-4 

___ 

2.50-4 
1.2e-3 
5. Be-5 
(4) 
(4) 
(4) 

Class C 
Waste(3) 

0. 
0. 
0. 
6.56+0 
( 5 )  
(5) 
4.3e+l 
0. 
0. 
2.8etZ 
1.8e+l 
0. 
2. leM 

Decay Dose 
Rate(1) Rate(2) 

1.2e+l (4) 
7.3e+l (4) 
1.3e+O 1.8e+0 
3.2e-1 (4) 
2.5e-2 2.4e-4 
2.5e-2 (4) 
8.4-3 5.00-4 
3.h-3 2.96-4 
4.5e-3 2.3e-3 
4.40-4 4.38-4 
1.b-1 6.6e-10 
6.90-4 (4) 
3.le-3 2.9e-4 

-- 
Class C 

Haste(3) 

0. 

0. 
4.6e+l 
( 5 )  
i 5 )  
2.8et2 
0. 
0. 
2.0e+3 
6.06+3 
0. 
1.4e+l 

C - 14 1.Ze-5 (4) 1.50-2 8.6e-5 (4) 1.b-1 
Tc- 98 1.7e-3 (4) (5 1 
Tc- 97 1.7e-3 (4) (5) 

Tota l  4.9e+O 3.8e-1 3.5etZ 8.7e+l 1.8eM 8.3e+3 
Ra t i o  t o  5M1-Y/m2 18. 4.1 24.0 

1) u n i t s  a re  ( cu r i e / c r2  
2) u n i t s  a re  ( R e d h r - d ) .  Dose is a i r  shie lded a t  1 meter from source 
3) 
4) value i s  l e s s  than 1.0e-10 
5) no va lue spec i f i ed  i n  10 CFR 61 

10 CFR 61 values for metal a re  used t o  normal ize decay r a t e  
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Table V 
Fe-12Cr-ZOMn 

Activation after 10 Year Decay 

5 W-Yd 36 MW-Y/m2 

Decay Dose Class C Decay Dose Class C 
Isotope Rate(1) Rate(2) Waste(3) Rate(1) Rate(2) Waste(3) _ _ _ _ _ _  ~~ 

Fe- 55 
H -  3 
Mn- 54 
CO- 60 
v - 49 
Ta-179 
Ni- 63 
Hf-178* 
C - 14 
Re-186 
Re-186* 
Nb- 93* 
Nb- 91 
Mo- 93 
Mn- 53 
co- 57 
Ni- 59 
Tc- 99 
P - 32 
Si- 32 
Nb- 94 
Tc- 98 
Tc- 97 
Na- 22 

4.le+0 
3.6e-2 
2.le-2 
1.3e-3 
3.5~2-4 
9.8e-5 
3.4e-5 
1.9e-5 
6.le-6 
5.le-6 
5.le-6 
5.4e-6 
5.4e-7 
5.2e-7 
4.9e-6 
2.0e-6 
3.4e-7 
2.3e-7 
1.Oe-7 
1.Oe-7 
1.0e-7 

1.40-5 
( 4 )  

3.le-8 
(4) 
1.8e-7 
(4) 
(41 
(4) 
(4) 
9.8e-8 

0. 
0. 
0. 
0. 
0. 
0. 
4.8e-3 
(5) 
7.7e-3 

1.8e-1 
8.2e-3 
0. 
1.5e-3 
7.5e-3 
(5) 
(5) 
5.le-1 

1.2e+l 
3 .Oe-1 
2.6e-2 
3.Oe-2 
4.9e-4 
1.30-5 
2.4e-4 
3.9e-5 
4.3e-5 
3 .Be4  
3.8e-5 
2.9e-5 
4.0e-6 
3.5e-6 
3.3e-5 
2.3e-6 
2.30-6 
7.4e-5 
9.53-7 
9.53-7 
6.4e-7 
7.29-7 
7 : ae-7 
3.le-8 

2.9e-5 
(4) 
(4) 
(4) 
2.9e-7 
(4) 
2.le-7 
(4) 
2.2e-7 
(4) 
(4) 
(4) 
(4) 
6.2e-7 
(4) 
(4) 
4.le-8 

0. 
0. 
0. 
0. 
0. 
0. 
3.4e-2 
(5) 
5.4e-2 
(5) 
(5) 
(5) 
(5) 
1.2e-1 
5.5e-2 
0. 
1.0e-2 
2.5 
(5 1 
(5) 
2.9et0 
(5) 
(5) 
0. 

Total 4.2e+O 1.73-2 5.6e-1 1.3etl 5.4e-2 5 .7  
Ratio to SMW-Y/d 3.1 4.5 10.0 

1) units are (Curielcm3 
2) units are (Rendhr-c d) . Dose is air shielded at 1 meter from source 
3) 10 CFR 61 values for metal are used to normalize decay rate 
4) value i s  less than 1.08-10 
5 )  no value specified i n  10 CFR 61 
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I so tope 

H -  3 
v - 49 
Fe- 55 
Co- 60 
Ni-  63 
Mn- 54 
Nb- 93* 
Ta-179 
C - 14 
CO- 51 
Hf-178* 
Nb- 91 
Mo- 93 
Ni-  59 
Tc- 99 
Ar- 39 
Ca- 45 

___ 

Nb- 94 
K - 42 
AT- 42 
Tc- 97 

Table V I  
V-15Cr-5Ti 

A c t i v a t i o n  a f t e r  10 Year DeCay 

5 MW-Y/m2 36 MW-Y/rn2 

Decay 
Rate(1) 

Dose 
Rate(21 

Class C 
Waste(3 I 

Decay 
Rate( 1) 

4.le-2 
7.9e-4 
6.2e-4 
1.5e-4 
2.3e-5 
7.3e-6 
4.Oe-6 
2.9e-6 
2.766 
1.5e-6 
5.2-3-7 
4.h-7 
4.Oe-7 
2.5e-7 
1.6e-7 

8.2e-8 
4.8e-8 

1.367 

To ta l  4.3e-2 
Rat io  t o  SMW-Yln? 

Dose 
Rate(2) 

(4) 
(4) 
(4) 
2.0e-4 
(4) 
3.7e-6 
3.9e-8 
(4) 
(4) 
1.4e-7 
3.9e-7 
(4) 
2.4e-8 
(4) 
(4) 
(4) 
(4) 
7.2~3-8 

2.le-4 

0. 
0. 
0. 
0. 
3.0e-3 
0. 
(5) 
(5) 
3.3e-5 
0. 
(5) 
(5) 
1.3e-2 
1.le-3 
5.4e-3 
(5) 
0. 
2.4e-1 

2.5e-1 

3.8e-1 
3.4e-3 
I.%-3 
7.4e-4 
1.7~3-4 
9.6e-6 
2.4e-5 
4.4e-7 
1.9e-5 
1.7e-6 
3.2e-6 
3.Oe-6 
2.8e-6 
1.7e-6 
4.5e-5 
7.le-6 
9.le-8 
5.le-7 
2.4e-6 
2.4~1-6 
8.3e-7 

3.9e-1 
9.1 

(4) 
(4) 
(4) 
1.0-3 
(4) 
4.9e-6 
2.4e-7 
(4) 
(4) 
1.6e-7 
2.4e-6 
(4) 
1.6e-7 
(4) 
(4) 
(4) 
(4) 
5.Oe-7 
3.66-7 
( 4 )  
(4) 

1.0e-3 
4.8 

Class C 
Waste(3) 

0. 
0. 
0. 
0. 
7.4e-3 
0. 
(5) 
(5) 
2.3e-4 
0. 
(5) 
(5) 
9.2e-2 
1.3e-3 
1.5eW 
(5) 
(5) 
2.6e+O 
0. 
(5 )  
(5) 

4.le+O 
10.8 

1) u n i t s  a r e  

3) 
4) va lue  f s  l e s s  than 1.0e-10 
5) no va lue  spec i f i ed  i n  10 CFR 61 

1. Dose i s  a i r  sh ie lded a t  1 meter from source 
10 CFR 61 values f o r  metal are used t o  normal ize decay r a t e  
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5 M W - Y / M * * ~  (STARFIRE) 

A 10' 

E 

m 
* 10 
* 

.- .. 
-10 -' " 1  

0 V15CrSTi 

10 -I , , I , I " " ,  ' " "" I  ' ' ' - ' I  
10 - I  1 10 10 1 10 ' 10 ' 

Time (yrs) 

FIGURE 1. Decay Ra te  as a Func t ion  o f  Decay Time f o r  5 MW-y/m2 Exposure 

5 MW-Y/M** 'L (STARFIRE) 
10 '$  

10 4 I ' ' " " l ' ,  ' ' " 1 " ' l  ' ' " " ' 1 1  ' ' """I ' ' " " ' ' 1  
10 - I  1 10 10 10 10 * 

Time (yrs) 

FIGURE 2. Dose Rate as a Func t ion  o f  Decay Time f o r  5 MW-y/m2 Exposure 
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10 CFR 61 Class C Rat ing 
5 uw-r/m-2 

1 

FIGURE 3. 10 CFR 61 Class C Waste Disposal Rating for  5 MW-y/m2 Exposure 

36 M W - Y / M * * ~  (STARFIRE) 

0 9Cr-1Mo 

. 12Cr-20Mn 

FIGURE 4. Decay Rate as a Function of Decay Time for 36 MW-y/m2 Exposure 
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36 M W - Y / M * ~ Z  (STARFIRE) 

o 9Cr-1Mo 
A 9Cr-WV 

. 12Cr-20Mn 

FIGURE 5 .  Dose R a t e  as a Funct ion  of  Decay Time f o r  36 MW-y/mL Exposure 

10 CFR 61 Class C Rating 

FIGURE 6. 10 CFR 61 Class c Waste Disposal  R a t i n g  fo r  36 MW-Y/& Exposure 
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R A D I A T I O N  DAMAGE CALCLLATIONS FOR COMPOUNC M A T E R I A L S  _. R .  Greenwood (Argonne Nat ional  Laboratory) 

OBJECTIVE 

To develop displacement damage cross sect ions f o r  compound mater ia ls .  

SUMMARY 

The SPECOMP computer code has been used t o  ca l cu l a te  neutron- induced displacement damage cross sect ions f o r  
compound mater ia ls ,  such as a l l o y s ,  insu la to rs ,  and ceramic t r i t i u m  breeders f o r  fus ion  reactors.  These new 
ca l cu l a t i ons  r e l y  on r e c o i l  atom energy d i s t r i b u t i o n s  which are s to red  i n  our  SPECTER computer code master 
l i b r a r i e s .  Ca lcu la t ions  have been completed f o r  s t a i n l e s s  s tee l ,  vanadium a l l oys ,  6Li-compound t r i t i u m  
breeders, alumina, SiO2, CujAu, TaO, and NbTi superconducters. Cross sect ions are now being developed f o r  
o ther  compounds: however, some research i s  needed t o  determine t h e  proper threshold energies f o r  many 
compounds. 

PROGRESS AND STATUS 

U n t i l  recen t l y ,  i t  was on ly  poss ib le  t o  use SPECTER1 t o  ca l cu l a te  displacement damage f o r  pure elements. 
Damage i n  compounds has of ten been est imated assuming t h a t  t he  ne t  damage w i l l  be given by the  sum o f  
elemental damage weighted by the  atomic f r a c t i o n  o f  each species. I t  has long been recognized t h a t  t h i s  
procedure i s  i n c o r r e c t  s ince t h e  secondary displacement ca l cu l a t i ons  must be done separate ly  f o r  each 
combination of r e c o i l i n g  atom and mat r i x  mater ia l .  For example, i f  we consider the  compound Li20, then i t  
i s  c l ea r  t h a t  a r e c o i l i n g  L i  atom w i l l  have d i f f e r e n t  p r o b a b i l i t i e s  f o r  d i sp l ac i ng  L i  and 0 atoms i n  the  
mat r i x .  The mixed-atom damage funct ions (eg - L i  on 0 and 0 on L i )  a re  no t  ava i l ab l e  i n  SPECTER and hence 
are neglected i n  any l i n e a r  combination o f  elemental damage. 
displacement threshold energies w i l l  d i f f e r  f o r  each atomic species and the  chemical compounds which they 
fonn. Consequently, a new computer code SPECOMP was developed t o  p rope r l y  ca l cu l a te  damage for compound 
mater ia ls .  

I t  must be noted t h a t  damage ca l cu l a t i ons  for compounds a re  dependent on p rec i se  knowledge of  the  atomic 
abundances. 
and c r y s t a l l i n e  s t ruc tu re .  
mat r i x  atom on ly  depends on t he  atomic abundance of each species. 
clumped, then ca l cu l a t i ons  must be redone f o r  each l o c a l  region. I n  the  extreme case o f  segregat ion, damage 
may be m r e  c l ose l y  approximated by the  elemental ca l cu l a t i ons  i n  SPECTER. 
a l so  have a s i g n i f i c a n t  e f f ec t .  Hence, a p p l i c a t i o n  o f  the  damage cross sect ions described i n  t h i s  paper may 
requ i re  some cha rac te r i za t i on  o f  the  ma te r i a l .  

The r e s u l t s  o f  the  SPECOMP ca l cu l a t i ons  can be r e a d i l y  added t o  a master data f i l e  which can then be 
accessed by SPECTER. 
SPECTER w i l l  then r o u t i n e l y  ca l cu l a te  spectral-averaged displacements f o r  t h i s  compound f o r  any g iven 
neutron spectrum and leng th  of  i r r a d i a t i o n .  We are  p resen t l y  compi l ing SPECOMP ca l cu l a t i ons  f o r  a v a r i e t y  
of  compound mater ia ls  and adding the  r e s u l t s  t o  the  SPECTER l i b r a r i e s .  Hence, i n  many cases users may no t  
need t o  use SPECOMP a t  a l l ,  bu t  on ly  update t h e i r  versions o f  the  SPECTER computer code package t o  add t he  
compound damage ca l cu l a t i ons  subrout ines and l i b r a r i e s .  

I f  a compound has no t  been added t o  SPECTER, then users w i t h  access t o  SPECTER can run SPECOMP f o r  any 
combination of the  38 elements f o r  which r e c o i l  d i s t r i b u t i o n s  a re  c u r r e n t l y  ava i lab le .  A l l  SPECTER r e c o i l  
d i s t r i b u t i o n s  were ca lcu la ted  us ing the  DISCS2 code us ing evaluated neutron data from ENOFIB-V.3 
dpa cross sect ions can then be r e a d i l y  added t o  SPECTER. 
ca l cu l a t i ons  depend c r i t i c a l l y  on t he  choice o f  displacement th resho ld  energies chosen f o r  each atomic 
species. 
change the  displacement threshold energy. However, t h i s  i s  no t  poss ib le  f o r  compound mater ia ls ,  as w i l l  be 
discussed l a te r :  consequently, i t  i s  necessary t o  redo the  SPECOMP ca l cu l a t i ons  f o r  each choice o f  th resho ld  
energies. I f  ca l cu l a t i ons  a re  des i red f o r  an atomic species no t  present i n  SPECTER, then i t  i s  necessary t o  
run the  DISCS2 code t o  prepare t he  needed l i b r a r i e s  I n  SPECTER, p r i o r  t o  running SPECOMP. A t  present, 
SPECOMP i s  l i m i t e d  t o  4 elements i n  a g iven compound: however, the  code can eas i l y  be expanded. 
The r e s u l t s  o f  a c a l c u l a t i o n  w i t h  SPECOMP inc lude  t he  energy-dependent displacement damage cross sect ions 
(dpa), as w e l l  as d e t a i l e d  l i s t i n g s  o f  t he  secondary displacement funct ions,  f o r  each combination of  r e c o i l  
and ma t r i x  atoms. For convenience, a displacement cross sec t ion  i s  a l so  ca lcu la ted  from an atomic f r a c t i o n -  
weighed sum o f  elemental damage, as g iven  by SPECTER. 
sec t ion  g iven i n  SPECOMP does no t  d i s t i n g u i s h  the  atomic species involved.  
alumina, displacements may be e i t h e r  oxygen or aluminum atoms. 
atomic species, i f  desired, by re fe renc ing  tab les  o f  displacements f o r  each combination of  r e c o i l  and m a t r i x  
atoms. 
(pka) s ince these data a re  a l ready ava i l ab l e  i n  SPECTER. 

A f u r t h e r  compl icat ion i s  t h a t  the  

I n  SPECOMP, we assume t h a t  atoms are  un i fo rmly  d i s t r i b u t e d  according t o  the  t heo re t i ca l  dens i t y  
Hence, the  p r o b a b i l i t y  t h a t  a r e c o i l i n g  atom w i l l  encounter a given type of  

I f  i n  f a c t  atoms are segregated o r  

Impu r i t i e s  i n  a mater ia l  could 

I n  t h i s  way, on l y  one SPECOMP c a l c u l a t i o n  need be done f o r  a g iven compound mater ia l .  

The output  
I t  i s  a l so  un fo r tuna te ly  t r u e  t h a t  SPECOMP 

I n  the  case o f  pure elements, one can simply renormal ize the  dpa cross sect ions i f  you wish t o  

I t  i s  important t o  note t h a t  the  t o t a l  dpa cross 
For example, i n  the  case of  

The user can separate the  displacements by 

We should a l so  p o i n t  out  t h a t  SPECOMP does no t  need t o  l i s t  the  r e c o i l  atom energy d i s t r i b u t i o n  
The ne t  r e c o i l  d i s t r i b u t i o n  f o r  a compound, 
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independent o f  atomic species, can be obtained from an atom-weighted sum of the  r e c o i l  d i s t r i b u t i o n s  l i s t e d  
by SPECTER. Other damage parameters, such as gas p roduc t ion  o r  kerma, a lso  do no t  depend on the  chemical 
species and values f o r  compounds can be obtained as an atom-weighted sum from SPECTER. 

SPECOMP has been used t o  ca l cu l a te  displacement damage cross sect ions f o r  Li20. LiA102. Al203, Si02, 316 
s ta in less  s tee l ,  NbTi, Cu3Au. TaO, and V-15Cr -5T i .  
energies of 10 eV f o r  L i ,  30 eV f o r  0, 27 eV f o r  A I ,  25 eV f o r  S i ,  30 eV f o r  T i ,  53 eV f o r  Ta, 24 eV f o r  Cu, 
18 eV f o r  Au, and 40 eV f o r  the  o ther  elements. One o f  the  purposes o f  t h i s  paper i s  t o  assess the  
importance o f  us ing SPECOMP t o  ca l cu l a te  damage i n  compounds, r a t he r  than us ing an atomic f ract ion-weighted 
sum o f  elemental damage, as ca lcu la ted  by SPECTER. To f a c i l i t a t e  t h i s  comparison, we used t he  same 
displacement th resho ld  energies i n  SPECOMP, as we normal ly  use i n  SPECTEA1. More r e a l i s t i c a l l y ,  we know 
t h a t  the displacement thresholds depend c r i t i c a l l y  on t he  s p e c i f i c  b ind ing  energies f o r  a g iven compound and 
hence are usua l l y  very d i f f e r e n t  f r o m  the  energies used f o r  an element. Unfor tunate ly ,  we don ' t  have a 
ready source o f  displacement energies f o r  most compounds and f u r t h e r  research i s  needed. 

Displacement ca lcu la t ions  f o r  each combination of r e c o i l  and ma t r i x  atom are shown f o r  L i z0  i n  f i g u r e  1. 
The net  dpa cross sect ion i s  shown i n  f igu re  2 where i t  i s  a l so  compared t o  the  atom-weighted sum of  
elemental damage f r o m  SPECTER. 
would be expected from the  elemental sum (see f i g u r e  4). As can be seen i n  f i g u r e  1, t h i s  d i f f e rence  i s  
apparent ly due t o  an enhancement o f  the  l i t h i u m  secondary displacements from the  oxygen pr imary r eco i l s .  
we look i n  d e t a i l ,  we f i n d  sharp d i f fe rences  between SPECOMP and SPECTER where we encounter peaks and 
va l leys  i n  the  neutron cross sect ions f o r  each element. This e f f e c t  may be p a r t l y  due t o  the d i f fe rences  i n  
mass and p a r t l y  due t o  the  spec i f i c  d i f ferences i n  displacement threshold energies. 

F igure 3 shows a comparison o f  displacement damage from SPECOMP and SPECTER f o r  316 s t a i n l ess  s tee l .  
t h i s  case, there i s  v i r t u a l l y  no di f ference. 
cons t i tuen ts  a re  about the  same, as are the  displacement th resho ld  energies. 

I n  order  t o  assess t he  importance o f  per forming proper  dpa ca l cu l a t i ons  for compound mater ia ls ,  we have 
compared the  r e s u l t s  from SPECOMP w i t h  atom- fract ion weighted sums of elemental damage from SPECTER. 
4 shows the  energy-dependent r a t i o s  of the dpa cross sect ions (SPECOMP/SPECTER) f o r  a v a r i e t y  o f  compounds. 
For a mate r ia ls  i r r a d i a t i o n ,  on ly  the  net  dpa value i s  impor tant .  Hence, Table I shows t he  spec t ra l -  
averaged dpa r a t i o s  (SPECOMP/SPECTER) f o r  a v a r i e t y  o f  neutron spectra. There are s izab le  di f ferences f o r  
L120, LiA102, and TaO: however, r a t i o s  f o r  the  o ther  compounds a re  c lose t o  1. The l a r g e s t  d i f fe rences  seem 
t o  be f o r  cases w i t h  s izab le  mass o r  threshold 'energy d i f fe rences .  I n  the  case o f  HFIR, we note t h a t  the 
r a t i o s  are c lose t o  1 fo r  the L i  compounds s ince the  damage i s  dominated by the  6Li(n,n) r eac t i on  w i t h  the  
thermal neutrons. If t h i s  r eac t i on  i s  excluded. then t he  r a t i o  increases t o  about 1.4. i n  aareement w i t h  

These ca l cu l a t i ons  assumed the  displacement threshold 

We note t h a t  t he  damage p red i c t ed  by SPECOMP i s  t y p i c a l l y  30-40% higher  than 

If 

I n  
This might  be expected s ince the  masses of  the  main atomic 

Figure 

the  o the r  f a c i l i t i e s .  
i d e n t i c a l  f o r  SPECOMP and SPECTER, as shown i n  f i g u r e  3. 

For 316 s ta i n l ess  s tee l  and t he  vanadium a l l o y ,  the  dpa cross sec t i on- i s  v i r t u a l l y  

Three fac to rs  appear t o  be important i n  determining whether o r  no t  the  SPECOMP ca l cu l a t i ons  a re  
s i g n i f i c a n t l y  d i f f e r e n t  f r o m  the  atom-weighted sum o f  elemental damage, namely, r e l a t i v e  atomic masses, 
threshold energies, and nuc lear  cross sect ions. 
l i t h i u m  compounds and TaO. where both the  masses and thresholds d i f f e r  s i g n i f i c a n t l y .  I n  the  cases of 
alumina, 5102, 316 s ta i n l ess  s tee l ,  and t he  vanadium a l l o y ,  t he  masses and thresholds are a l l  q u i t e  s im i l a r .  

The nuc lear  cross sect ions can be important f o r  several reasons. 
completely dominates t he  damage below 0.1 MeV. Hence, the  damage doesn ' t  depend very much on which elements 
l i t h i u m  i s  a l loyed  w i th .  More genera l ly ,  the re  are many instances i n  which the  nuc lear  cross sect ions f o r  
one atomic species w i l l  dominate the  damage product ions. 
resonances o r  va l l eys  i n  one cross sec t ion  cause sharp d i f f e rences  between SPECOMP and SPECTER. 

E f f ec t s  caused by d i f ferences i n  displacement th resho ld  energies a re  more d i f f i c u l t  t o  assess. I n  our  model 
o f  secondary displacements, there a re  no displacements below t he  threshold, 1 between the  threshold and 
tw ice  t h a t  energy, and a f a c t o r  o f  0.8/2Ed t imes t he  Lindhard damage energy a t  h igher  energies. This model 
leads t o  sharp breaks i n  the  damage cross sect ions where the  r e c o i l  atom energies are c lose t o  the  
threshold, espec ia l l y  when on ly  one o f  the  atoms i n  a compound i s  permi t ted  t o  be displaced. 

The importance o f  se l ec t i ng  proper displacement th resho ld  energies can be r e a d i l y  demonstrated f o r  the  
compound Li20. 
and increase the  L i  threshold t o  20 eV, then the  spectral-averaged damage cross sec t ion  i n  a 23% f i s s i o n  
spectrum decreases f r o m  1074 barns t o  621 barns. 
SPECTER decreases from 1.43 t o  1.14. I f  we f u r t he r  increase the  L i  th resho ld  value t o  30 eV (same as 0), 
then the  SPECOMP dpa cross sect ion f u r t h e r  decreases t o  471 barns and the  r a t i o  t o  SPECTER decreases t o  
0.98. Hence, we can see t h a t  the  l a rge  d i f f e rence  i n  the  thresholds i s  the  pr imary c o n t r i b u t i n g  f a c t o r  
leading t o  the  la rge  increase i n  damage p red ic ted  by SPECOMP. 
example s ince we appear t o  have very d i f f e r e n t  e f fec ts  f o r  Cu3Au and TaO where we have l a rge  d i f fe rences  i n  
bo th  mass and threshold energies. Clear ly ,  f u r t h e r  s tud ies  a re  needed t o  a l l ow  us t o  p r e d i c t  such e f f ec t s .  

The l a rges t  dpa d i f fe rences  i n  Table I occur f o r  the  

I n  the  case o f  6Li ,  the  (n,a) reac t ion  

This  can be seen i n  f i gu res  1 and 4 where 

I n  Table I ,  the  threshold f o r  L i  was 10 eV and 0 30 eV. I f  we keep the  0 threshold a t  30 eV 

The r a t i o  o f  dpa values p red ic ted  by SPECOMP t o  t h a t  from 

It i s  d i f f i c u l t  t o  genera l ize from t h i s  
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FUTURE WORK 

The SPECOMP computer code i s  ava i l ab l e  t o  SPECTER users and can be used t o  generate l i b r a r i e s  of  dpa cross 
sect ions f o r  any combination o f  the  38 elements c u r r e n t l y  contained i n  SPECTER. The ca l cu l a t i ons  can be run 
r e l a t i v e l y  qu i ck l y  and cheaply on s m a l l  computers s ince we make use o f  e x i s t i n g  r e c o i l  spectra and do not  
need t o  access evaluated neutron cross sect ions. We are at tempt ing t o  compile a l i b r a r y  of  dpa cross 
sect ions f o r  a v a r i e t y  of  a l loys ,  i n su la to r s ,  and fus ion t r i t i u m  breeding mater ia ls .  However, more research 
i s  needed t o  determine t he  proper displacement energies f o r  each element i n  t he  compound. 
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Table I :  DPA Rat io  (SPECOMP/SPECT.ER) 
Compound F iss ion  a 14 MeV STARFIRE HFIR c FFTF d 

L i z0  1.43 1.43 1.31 1.04 1.41 

L i  A1 02 1.26 1.23 1.25 1.07 1.28 

A I  Z03 0.99 0.98 0.99 1.00 1.00 

si02 0.99 0.96 0.99 1.00 1.00 

V-15Cr-511 1.00 1.00 1.00 1.00 1.00 

316 SS 1.00 1.00 1.00 1.00 1.00 

C y A u  0.98 0.98 0.98 0.99 0.99 

Nb-Ti 0.99 1.00 0.99 0.99 0.99 

l a 0  0.89 1.16 0.96 0.86 0.80 

a 2 3 5 ~  f i s s i o n  spectrum 

bSTARFIRE,first wa l l  spectrum 

CHigh Flux Isotopes Reactor, PTP, midplane 

dFast Flux Test F a c i l i t y ,  mot, midplane 
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Dosimetry and Damage Analysis f o r  the  Omeqa West Reactor (LANLl 
L. R. Greenwood (Argonne Nat iona l  Laboratory) 

OBJECTIVE 

To charac te r i ze  r e a c t i o n  i r r a d i a t i o n  f a c i l i t i e s  and experiments i n  terms o f  neutron fluence, energy spectra, 
and r a d i a t i o n  damage parameters. 

SUMMARY 

Neutron dosimetry measurements and damage c a l c u l a t i o n s  were completed f o r  th ree  experiments i n  t h e  Omega 
West Reactor (LANL) . 
were designed t o  compare r a d i a t i o n  damage produced i n  a f i s s i o n  reac to r  spectrum w i t h  damage produced by 14 
MeV neutrons a t  RTNS 11. 

These i r r a d i a t i o n s  were conducted by Hanford Engineering Development Laboratory and 

PROGRESS and STATUS 

Three experiments were conducted by Howard Heinisch (HEDL) a t  the  Omega West Reactor a t  Los Alamos Nat iona l  
Laboratory between May 21 and J u l y  16, 1987. The experimental cond i t i ons  were s i m i l a r  t o  those repor ted 
prev ious ly .  1,283 The i r r a d i a t i o n  h i s t o r i e s  and exposure parameters a re  l i s t e d  below. 
l i s t e d  i n  f u l l  power hours a t  8 MW reac to r  power. 

The exposures a re  

Experiment Dates Exposure, FPH 
9 5 / 2 1 r n I 2 2 / 8 7  12.97 

10 5127187-6/5/87 58.12 
11 6122187-7/16/87 127.50 

Small dosimetry capsules were inc luded w i t h  each experiment. 
N i ,  Fe, T i ,  and 80% Mn-Cu. Each w i re  was gamma counted a t  Argonne and a c t i v a t i o n  ra tes  were computed 
cons ider ing the  i r r a d i a t i o n  h i s t o r i e s  and gamma absorpt ion. 

Neutron energy spect ra l  adjustments were then made f o r  each i r r a d i a t i o n  us ing the  STAY'SL computer code 
s t a r t i n g  w i t h  a previously-measured spectrum. 2 
111. 
few percent.  

Each capsule contained w i res  o f  0.1% Co-AI, 

The r e s u l t s  are  l i s t e d  i n  Table I. 

The r e s u l t a n t  f luxes and fluences are l i s t e d  i n  Tables I 1  - 
As can be seen i n  the  Tables, the  a c t i v i t i e s  and f l u x e s  f o r  a l l  t h ree  runs are i n  agreement w i t h i n  a 

These r e s u l t s  a l so  agree w i t h  the  prev ious run numbers 1-4, a l so  w i t h  hel ium cool ing.  

Damage c a l c u l a t i o n s  were performed f o r  each run us ing t h e  SPECTER computer code4 and the  r e s u l t s  are  l i s t e d  
i n  Table I V .  

FUTURE WORK 

Add i t i ona l  experiments are i n  progress i n  t h e  Omega West Reactor. 
w i t h  water c o o l i n g  i n  order  t o  con f i rm the  spec t ra l  d i f f e rences  between water and helium. 

I n  p a r t i c u l a r ,  experiments are planned 
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Table I 

A c t i v a t i o n  Rates Measured i n  t he  h e q a  West Reactor 
( a c t i v i t i e s  a re  i n  atomlatom-sec, 2%, a t  8 MW) 

Reaction Run 10 

58Fe( n,7) 59Fe ( ~ 1 0 - 1  l) 6.44 6.35 5.98 

5%o(n,7)60~0 ( ~ 1 0 - 9 )  2.16 2.05 2.08 

54Fe(n,p)54Mn (x10-1*) 2.74 2.81 2.75 

58Nj (n ,p )58~0 (x10-12) 3.61 3.63 3.40 

4611 (n,p)%c (~10-13)  3.73 3.77 3.60 

55Mn (n, 2n) 54Mn ( X l O - l 5 )  8.42 8.46 8.27 

Table 11 

Neutron Fluxes for  Omeqa West Reactor 
(Flux ~ 1 0 1 ’  n/crnL-s a t  8 MW, 10%) 

Enemy, MeV 

Thermal (<.5eV) 

0.5eY - 0.1 MeV 

X.1 

>1 

Total 

- Run 9 e 
7.28 6.94 6.92 

4.74 4.58 4.80 

5.45 5.49 5.43 

2.68 2.72 2.67 

17.47 17.01 17.15 
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Table 111 

Neutron Fluences f o r  Omeqa West Reactor 
(Fluence ~ 1 0 1 "  nlcmr, 10%) 

Enerqy, MeV 5 e 
Thermal (<.5eV) 3.40 14.50 

O.5eV-O.1MeV 2.22 9.57 

X.1 2.55 11.47 

>1 1.25 5.69 

Total 8.16 35.55 

A1 

T i  

V 

Cr 

Fe 

N i  

cu 

Nb 

Table IV 

Damaqe Parameters f o r  Omeqa West Reactor 
(dpa xl0-3, He i n  appb) 

Run 9 
k-2 

3.27 1.07 

1.97 0.99 

2.23 0.04 

2.01 0.28 

1.78 0.49 

1.89 7.57 

1.72 0.41 

1.74 0.09 

Run 10 *r& 
14.72 4.83 

8.88 4.45 

10.03 0.17 

9.04 1.27 

8.00 2.21 

8.50 34.04 

7.76 1.85 

7.82 0.42 

31.75 

22.04 

24.92 

12.24 

78.72 

Run 11 
*7& 

31.98 10.49 

19.29 9.67 

21.80 0.36 

19.65 2.75 

17.38 4.80 

18.47 73.96 

16.85 4.01 

16.98 0.91 





3. MATERIALS ENGINEERING AND DESIGN REQUIREMENTS 
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MATERIALS HANDBOOK FOR FUSION ENERGY SYSTEMS - J. W .  Davis (McDonnell Douglas Ast ronaut ics  Company - 
S t .  Louis) 

OBJECTIVE 

To prov ide a cons is ten t  and a u t h o r i t a t i v e  source o f  m a t e r i a l  p roper ty  data  f o r  use by the  fus ion  

A second o b j e c t i v e  i s  the  e a r l y  i d e n t i f i c a t i o n  o f  areas i n  the  mate r ia l s  data  base where 
co rnun i t y  i n  concept eva luat ion,  design, and p e r f o r m a n c e / v e r i f i c a t i o n  stud ies o f  the  var ious fus ion energy 
systems. 
i n s u f f i c i e n t  i n fo rmat ion  o r  voids e x i s t .  

SUMMARY 

The e f f o r t  du r ing  t h i s  r e p o r t i n g  pe r iod  has focussed on two areas: ( 1 )  p u b l i c a t i o n  o f  data pages, and 
( 2 )  automation o f  the  data pages. 
s t a i n l e s s  s t e e l  along w i t h  a d d i t i o n a l  Support ing Documentation pages on annealed and co ld  worked s t a i n l e s s  
s t e e l .  These pages were d i s t r i b u t e d  i n  May. 
toward t h e  format ion o f  an e l e c t r o n i c  ma te r ia l s  data  base f o r  the  M F E  computer network. 

The data pages contained new engineering in fo rmat ion  on l i t h i u m  and 

I n  the  area o f  automation, work i s  proceeding on schedule 

PROGRESS AND STATUS 

During the  l a s t  r e p o r t i n g  per iod.  work focussed on developing and pub l i sh ing  data sheets f o r  both  
Volume 1 (Engineering Data) and Volume 2 (Support ing Documentation). The data page f o r  Volume 1 cons is ted 
O F  new data on the  s p e c i f i c  heat, e l e c t r i c a l  r e s i s t i v i t y ,  and entha lpy of l i t h i u m  and the  phys ica l  and 
mechanical p r o p e r t i e s  o f  316 s t a i n l e s s  s t e e l  a t  cryogenic temperatures. The Volume 2 data pages inc luded 
t h e  in fo rmat ion  needed t o  develop t h e  data pages mentioned above. along w i t h  a d d i t i o n a l  suppor t ing 
documentation data pages on 316 s t a i n l e s s  and e l e c t r i c a l  i n s u l a t o r s ,  which were p rev ious ly  publ ished i n  
Volume 1. Work i s  i n  progress t o  p u b l i s h  in fo rmat ion  on t h e  21-b-9 s t e e l ,  f o r  use as magnet case and on 
prepar ing data sheets on vanadium f o r  use i n  h igh  heat f l u x  components. 

I n  a d d i t i o n  t o  these a c t i v i t i e s ,  work i s  a l s o  i n  progress on developing an e l e c t r o n i c  vers ion o f  the  

Over the  pas t  two years as more data 
handbook. The f i r s t  s tep i n  t h i s  d i r e c t i o n  was taken two years ago, when a spec ia l  computer code was 
developed t o  a s s i s t  i n  t h e  p u b l i c a t i o n  o f  the  approved data pages. 
pages were developed us ing  t h i s  program, the  res iden t  f i l e s  e s s e n t i a l l y  became a defacto data base. 
Therefore the  nex t  l o g i c a l  s tep  i s  t o  modify t h i s  data  bank i n t o  an e l e c t r o n i c  vers ion o f  the  Handbook. 
With an e l e c t r o n i c  handbook, the  user i s  assured o f  an up- to-date vers ion o f  the  data page each t ime 
he/she accesses the  f i l e .  This has h i s t o r i c a l l y  been a weakness i n  a l l  handbooks, s ince  i t  i s  incumbent 
upon the  user t o  take  t h e  t ime t o  i nco rpora te  t h e  l a t e s t  r e v i s i o n s  i n t o  t h e i r  book. While many o f  t he  
users make a consc ient ious e f f o r t  t o  do t h i s ,  t he re  are instances when they  do not  rece ive a l l  o f  t he  data 
Pages i n  t h e i r  update. To make sure t h a t  a l l  o f  t h e  handbooks are up t o  date. a sumary  l i s t i n g  o f  the 
data pages contained i n  the  handbook i s  u s u a l l y  d i s t r i b u t e d  on an annual bas is .  This forces the  user  t o  
check every page i n  t h e i r  handbook t o  make sure t h a t  they have the  l a t e s t  rev i s ion .  The d i f f i c u l t y  i n  
developing an e l e c t r o n i c  handbook i s  t he  need t o  have both graphics and t e x t  i n  the  f i l e s  and t o  c rea te  a 
macro server  system t h a t  i s  user f r i e n d l y  t o  t h e  ex ten t  t h a t  i t can a s s i s t  t h e  user i n  m a t e r i a l  s e l e c t i o n  
and m a t e r i a l  comparisons. The work du r ing  t h i s  pe r iod  was d i r e c t e d  toward l o c a t i n g  an e x i s t i n g  data base 
program, res iden t  w i t h i n  the  MFE computer system, and t o  evaluate t h a t  program t o  determine i f  i t  f i t s  t h e  
requirements of t he  handbook. A t  t he  present t ime,  i t  appears t h a t  such a program i s  a v a i l a b l e  and we are 
c u r r e n t l y  eva lua t ing  i t .  A t  t he  same t ime, we are developing a server  program t o  ove r lay  on t h i s  program 
which w i l l  d i r e c t  t h e  user t o  t h e  appropr ia te  f i l e s  through a se r ies  o f  quest ions us ing menus. 

FUTURE WORK 

During the  next  r e p o r t i n g  per iod,  work w i l l  cont inue on the  development o f  vanadium data pages and on 
an e l e c t r o n i c  handbook. 
t h e  f o u r t h  quar te r  o f  1988. 

We a re  t a r g e t i n g  a demonstration of an embryonic of an e l e c t r o n i c  handbook f o r  



4 .  FUNDAMENTAL MECHANICAL BEHAVIOR 

No c o n t r i b u t i o n s  received t h i s  period. 





5 .  RADIATION EFFECTS: MECHANISTIC STUOIES, THEORY AND MODELING 
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IRRADIATION CREEP MECHANISMS: AN EXPERIMENTAL PERSPECTIVE - F. A. Garner and D. S. Ge l les  ( P a c i f i c  
Northwest Laboratory)  

OBJECTIVE 

The o b j e c t  of  t h i s  e f f o r t  i s  t o  determine t h e  mechanisms invo lved i n  radiat ion- induced deformat ion o i  
s t r u c t u r a l  ma te r i a l s  and t o  apply these i n s i g h t s  f o r  ex t rapo la t i on  of  a v a i l a b l e  f a s t  r eac to r  data t o  
fus ion- relevant  cond i t ions .  

SUMHARY 

An ex tens ive  review was conducted o f  a v a r i e t y  of  radiat ion- induced m ic ros t ruc tu ra l  data, searching 
f o r  m ic ros t ruc tu ra l  records of  var ious  i r r a d i a t i o n  creep mechanisms. It was found t h a t  t h e  s t ress-  
affected e v o l u t i o n  of  d i s l o c a t i o n  m ic ros t ruc tu re  dur ing  i r r a d i a t i o n  i s  cons iderab ly  more complex than 
envis ioned i n  most t h e o r e t i c a l  mode l l ing  studies. p a r t i c u l a r l y  i n  t h e  types  of  i n t e r a c t i v e  feedback 
mechanisms operating. 
induced p r e f e r e n t i a l  absorpt ion)  ope ra t i ng  on bo th  Frank loops  and network d is loca t ions .  Stress- induced 
p r e f e r e n t i a l  loop nuc lea t ion  (SJPN) processes may a l s o  p a r t i c i p a t e  b u t  a re  thought  t o  be overshadowed by 
t h e  s t ronger  ac t i on  o f  SIPA-type processes opera t ing  on Frank i n t e r s t i t i a l  loops. It was n o t  poss ib le  t o  
d iscern  from m ic ros t ruc tu ra l  evidence between second-order SIPA and f i r s t - o r d e r  SIPA mechanisms. t h e  
l a t t e r  a r i s i n g  from an i so t rop i c  d i f fus ion .  Evidence was presented. however. t h a t  v a l i d a t e s  the ope ra t i on  
of  stress- induced p r e f e r e n t i a l  u n f a u l t i n g  o f  Frank loops and stress- induced growth o f  p rev ious l y  st ressed 
ma te r i a l  f o l l ow ing  removal of  app l ied  st ress.  D i s l o c a t i o n  g l i d e  mechanisms a re  a l s o  p a r t i c i p a t i n g  b u t  
t h e  r a t e  appears t o  be c o n t r o l l e d  by SIPA-type c l imb processes. 
very an i so t rop i c  d i s t r i b u t i o n s  o f  Burgers vec tor  i n  t h e  i r rad ia t ion- induced mic ros t ruc ture .  

Reasonably conc lus ive  evidence was found f o r  a SIPA-type mechanism (s t ress-  

Appl ied st resses were shown t o  generate 

PROGRESS AND STATUS 

Iotroductlan 
The conf ident  design of  nuc lear  power p l a n t s  requ i res  knowledge of t h e  s t r a i n s  t h a t  develop i n  

s t r u c t u r a l  components dur ing  t h e i r  se rv i ce  i n  r a d i a t i o n  environments. While f u l l y  emp i r i ca l  equat ions 
can be developed from dimensional changes observed i n  reac to r  experiments, ex t rapo la t i on  t o  h igher  l e v e l s  
of  r a d i a t i o n  exposure or d i f f e r e n t  se rv i ce  environments i s  f a c i l i t a t e d  by knowledge o f  t h e  microscopic 
phys ica l  processes invo lved i n  producing macroscopic s t ra i ns .  A number o f  processes which c o n t r i b u t e  t o  
macmscoplc s t r a i n  have been i den t i f i ed .  a l though n o t  a l l  occur i n  a g iven ma te r i a l  o r  i n  a g iven s e t  of  
i r r a d i a t i o n  cond i t ions .  These a r e  vo ld  swel l ing.  i r r a d i a t i o n  growth. i r r a d i a t i o n  creep. thermal creep, 
recovery o f  deformation- induced microporosi ty .  and volume changes associated w i t h  var ious  phase 
t rans format ions  or segregat ion phenanena. Many of  these processes a r e  i n t e r a c t i v e  and each responds 
d i f f e r e n t l y  t o  app l ied  st ress.  r a d i a t i o n  environment and ma te r i a l  va r i ab les  such as d i s l o c a t i o n  dens i t y  
or tex tu re .  While sane o f  these processes a r e  volume conservative. o thers  a re  not. Those i n v o l v i n g  
volume changes can lead t o  e i t h e r  i s o t r o p i c  or an i so t rop i c  d i s t r i b u t i o n  of  s t r a i n .  

The f i r s t  p a r t  of  t h i s  paper demonstrates t h a t  convent ional  measurements of  s t r a i n  and volume change 
cannot complete ly separate t h e  i n d i v i d u a l  c o n t r i b u t i o n s  of  each of  t h e  superimposed processes. 
l i m i t s  our  a b i l i t y  n o t  on l y  t o  ex t rapo la te  emp i r i ca l  c o r r e l a t i o n s  o f  macroscopic s t r a i n  b u t  a l s o  l i m i t s  
t h e  i d e n t i f i c a t i o n  of  t h e  major microscopic processes and t h e i r  r e l a t i v e  c o n t r i b u t i o n s  t o  t o t a l  
deformation. It w i l l  be shown t h a t  c u r r e n t l y  used c o r r e l a t i o n s  f o r  i r r a d i a t i o n  creep o f  a u s t e n i t i c  
a l l o y s  by necess i ty  inc lude several  non-creep components of  s t r a i n .  

T h i s  

Whi le radiat ion- induced vo id  growth and phase t rans format ions  leave an in tegra ted  record o f  t h e i r  
behavior  bo th  i n  t h e  bu l k  dens i t y  and t h e  m ic ros t ruc tu re  of  a metal. i r r a d i a t i o n  creep and growth were 
o r i g i n a l l y  thought  t o  leave no comparable m ic ros t ruc tu ra l  record. However. over t h e  l a s t  decade it has 
been shown by many i n v e s t i g a t o r s  t h a t  records o f  t h e  s t r e s s  s t a t e  a re  indeed impr in ted  i n  t h e  
m tc ros t ruc tu re  by creep and growth processes. Therefore. another approach t o  guide c o r r e l a t i o n  
development i s  t o  search f o r  m ic ros t ruc tu ra l  evidence t h a t  d i sc r im ina tes  n o t  on l y  between t h e  var ious  
s t r a i n  c o n t r i b u t i o n s  bu t  a l so  between t h e  d i f f e r e n t  phys ica l  models advanced t o  descr ibe  a g iven s t r a i n  
con t r i bu t i on .  

The second p a r t  o f  t h i s  paper reviews t h e  re levan t  publ ished m ic ros t ruc tu ra l  da ta  and presents sane 
prev ious ly  unpublished data and analyses. The data f a l l  i n t o  t h ree  major categor ies.  These a re  t h e  
sur face  topography o f  i o n- i r r a d i a t e d  metals. dynamic observat ions of  m ic ros t ruc tu ra l  components du r i ng  
e l e c t r o n  i r r a d i a t i o n  o f  t h i n  f i l m  specimens. and f i n a l l y  t h e  p o s t - i r r a d i a t i o n  observat ion of  s t ressed 
bu lk  specimens i r r a d i a t e d  w i t h  e i t h e r  f a s t  neutrons or h igh  energy ions. 

Th i s  paper focuses p r i m a r i l y  on face-centered cub ic  metals and a l l oys .  It w i l l  n o t  address i n  d e t a i l  
t h e  many proposed models of i r r a d i a t i o n  creep and t h e i r  t h e o r e t i c a l  desc r i p t i on .  For t h i s  purpose. t h e  
reader i s  r e fe r red  t o  two recent  and ex tens ive  reviews. The f i r s t  by Matthews and F i n n i s l  concentrates 
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f 2 on the models themselves and t h e  second by Ha l l  
microstructure. Addit ional information i s  supplied by Henager and Simnen and a lso by C ~ g h l a n . ~  The 
l a t t e r  paper focuses p r imar i l y  on a revien o f  recent i r r ad i a t i on  creep resu l t s  whi le the former focuses 
on mechanisms o f  creep most l i k e l y  t o  occur a t  low damage exposures. 

focuses more on t he  evolu Ion  o f  d is locat ion 

n t s  o f  neutron-lnduced c r e m  and or- - 
The l i t e r a t u r e  contains many papers which address t he  study of i r r ad i a t i on  creep using both neutron 

and charged p a r t i c l e  i r rad ia t ion.  
studied using stress re laxat ion methods. bent beam techniq es. pressurized tubes. o r  constant load 
approaches involving t e n s i l e  specimens o r  he l i ca l  springs.! For t he  purpose of t h i s  paper, we sha l l  
focus on data derived from pressurized tubes. which represent t he  source o f  most recent ly produced creep 
data from neutron environments. The b i ax i a l  stress s ta te  found i n  t he  wal l  o f  a thin-walled pressurized 
tube causes creep deformation t ha t  expands the diameter of t he  tube a t  the expense o f  a th inner  W a l l .  
Thus t he  length of the tube i s  no t  a l tered by creep. 
component o f  s t r a i n  by measuring changes i n  t he  length o f  the tube. 
measurements are generally not made for a va r ie ty  of reasons. 
diameter changes and dest ruct ive post- i r rad ia t ion measurements o f  density change are performed t o  assess 
swelling-induced strain.  

There are a number of s t r a i n  components t h a t  cont r ibute t o  each type o f  experimental measurement. 
These var ied cont r ibut ions cannot always be separated from each other. I f  microscopy i s  employed t o  
measure swel l ing t he  only major s t r a i n  detected i s  t h a t  due t o  void formation. a process known t o  be 
completely i so t rop ic  i n  i t s  d i s t r i bu t i on  o f  s t ra in .  
relevance by immersion density techniques. however, not only i s  t he  void volume measured but a lso t he  
texture-dependent and of ten anisotropic cont r ibut ions t h a t  a r i se  from recovery f deformation-induced 
microporosity and volume changes associated w i th  various phase  transformation^.^'^ The l a t t e r  range i n  
magnitude from hundredths o f  a percent t o  several volume percent and can be e i t he r  d i l a t i ona l  o r  
contract ional i n  nature. 
i den t i f y  on ly  t he  ne t  presence o f  anisotropy bu t  cannot discr iminate between the r e l a t i v e  contr ibut ions 
of each s t r a i n  component. 

develop even i n  t he  absence o f  I r rad ia t ion.  but the phase i n s t a b i l i t i e s  mentioqed e a r l i e r  are of ten 
sens i t ive t o  both applied stresses and rad ia t ion i n  t h e i r  r a t e  of development. 
volume changes related t o  phase transformations appear t o  be a component o f  both i r r ad i a t i on  and thermal 
creep. Under i r rad ia t ion,  however, both creep and phase s a b i l i t y  are altered. and due t o  the influence 
o f  stress the onset o f  swel l ing can also be accelerated. ''' Thus. a t yp i ca l  pressurized tube used t o  
measure i r r ad i a t i on  creep develops s t ra ins  t ha t  are a complex funct ion o f  radiation-modified creep, 
swelling. recovery and phase changes. a l l  o f  which are po ten t i a l l y  stress-sensit ive. but each i n  a 
d i f f e r e n t  manner. 

Another problem ar ises from the d i f f i c u l t y  i n  extrapolat ing these s t ra ins  t o  higher fluence. d i f fe ren t  

Reference 5. f o r  instance. shows t h a t  neutron-induced creep may be 

I n  theory, therefore. one could assess t he  swel l ing 
I n  practice. however, such 

Only nondestructive measurements of tube 

When one measures swel l ing i n  a l loys  of engineering 

Final ly.  the use o f  post- i r rad ia t ion dimensional change measurements can 

When i r rad ia ted  specimens evolve under stress, other s t r a i n  cont r ibut ions occur. Creep s t ra ins  

Thus a por t ion of the 

stress leve ls  and other displacement rates. 
space. funding. time. and engineering p rac t i ca l i t y .  it i s  usual ly impossible t o  i r r ad i a t e  su f f i c ien t  
specimens o f  d i f f e r e n t  types a t  any one set  o f  i r r ad i a t i on  condit ions i n  order t o  i so l a t e  and iden t i f y  
a l l  of the various in te rac t i ve  s t r a i n  components. For instance. one cannot obtain a stress-affected 
swel l ing measurement without sac r i f i c i ng  a creep tube. thereby rendering it unavailable f o r  continued 
creep measurements. 
unstressed tube and thereby only t he  stress- free component of swelling. This unavoidably includes the 
stress-affected swel l ing component as par t  o f  the creep s t r a i n  and introduces two sor ts  of er rors  which 
a f f e c t  the v a l i d i t y  o f  creep corre la t ions f o r  extrapolat ion beyond exposures a t  which the data were 
developed. 
cont r ibut ions bu t  they saturate a f t e r  sone exposure. whi le t h a t  due t o  t r u e  i r r ad i a t i on  creep does not. 
Second. a l l  components o f  swel l ing are thought t o  be i so t r op i ca l l y  d is t r ibu ted  whereas creep i s  
inherent ly an anisotropic process. Therefore. the d i s t r i bu t i on  o f  some por t ion o f  t he  swel l ing s t ra ins  
between t he  three coordinates w i l l  be incor rec t l y  included i n  the creep correlat ion. 

Due t o  the const ra in ts  associated wi th  l im i t ed  reactor 

The general p rac t i ce  i s  therefore t o  measure only t he  diameter change of an 

F i rs t ,  t he  stress-affected swel l ing and phase change components are included as creep 

One consequence o f  t he  foregoing i s  t h a t  pressurized tube data on a l loys  of engineering relevance 
cannot be used t o  discr iminate between t he  various proposed creep mechanisms. pa r t i cu l a r l y  a t  r e l a t i ve l y  
low i r r ad i a t i on  exposures where many o f  the proposed non-creep mechanisms would be expected t o  dominate 
the s t r a i n  measurement. I n  turn, t h i s  guarantees t h a t  desigp corre la t ions f o r  i r r ad i a t i on  creep w i l l  be 
la rge ly  empirical. although they can range from very complex 

i r r ad i a t i on  creep t h a t  coincides w i th  the onset o f  swel l ing 
microstructural  scenarios t ha t  do not involve void swell ing. 
the e a r l i e s t  stages of microstructural  evo lu t ion i n  r e l a t i ve l y  simple metals and proceed toward both 
l a t e r  stages o f  evolut ion and more cmplex alloys. 

t o  very simple11'12 I n  nature. 

The simplest empir ical  i r r ad i a t i on  creep corre la t ions f q y g r i m a r i l y  on the accelerat ion o f  
whi le many o f  t he  creep models focus on 

I n  the fo l lowing sections. we w i l l  focus on 
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The stresses t h a t  d r i ve  i r r ad i a t i on  creep processes can a r i se  from a var ie ty  of sources. 
t o  applied stresses. creep can be act ivated by stresses a r i s ing  from temperature differences. 
d i f fe ren t ia l  swelling. const ra in ts  placed i n  t he  path of swelling-induced deformation and even l a t t i c e  
parameter changes associated w i th  p rec ip i ta t ion  and se regation. 
sources cannot always be quantif ied. they can be used 40 study facets o f  i r r ad i a t i on  creep behavior. 
the fol lowing sections. we w i l l  f i r s t  examine the influence o f  swelling-generated stress on t he  surface 
topography and underlying microstructure of ion- irradiated materials. 
experiments invo lv ing dynamic observation o f  electron- irradiated t h i n  f o i l s .  both wi th  and without 
applied stresses. Final ly.  we w i l l  cover t he  resu l t s  of post- i r rad ia t ion examination o f  bulk specimens 
i r rad ia ted  w i th  e i t he r  neutrons o r  high energy ions. 

I n  addi t ion 

While stresses a r i s i ns  from such 
I n  

We w i l l  then review the resu l t s  o f  

o f  i on  - irra- 

When mater ials are bombarded w i t h  gas a t m s  a t  r e l a t i ve l y  low i r r ad i a t i on  temperatures where 
i r r ad i a t i on  creep cannot ea 
surface leading t o  p i t t i ngSBb  b l i s t e r i n g  ””’ o r  crazing18 o f  t he  surface. The f i r s t  two o f  these 
phenmna have been shown t o  be dependent on t he  o r ien ta t ion  p p n t e d  by t he  mater ial  t o  t he  f o i l  
surface. o f ten varying from gra in  t o  grain. showed t ha t  orientation-dependent 
l a t e r a l  stresses which de 
var iat ion. Whereas Evansy8 reached t h  conclusion t h a t  t he  gas pressure i n  t he  bubbles was t he  prime 
i n i t i a t o r  of b l i s t e r  formation. Wolfer” l a t e r  showed t h a t  both gas pressure and l a t e r a l  stresses played 
s i gn i f i can t  ro les i n  b l i s t e r  formation, wi th  t he  l a t t e r  con t r o l l i ng  the o r ien ta t ion  dependence. 

induced swel l ing (gas-free voids) are lower bu t  su f f i c ien t  i n  themselves t o  cause s ign i f i can t  a l t e ra t i on  
of the bombarded surface. Johnston and coworkers demonstrated t h a t  on consequence o f  ion-induced 
swel l ing was an elevat ion o f  the specimen surface as shown i n  Figure 1”. They derived an empirical 
co r re la t ion  r e l a t i ng  swel l ing i n  t he  peak displacement region t o  the step height generated a t  t he  
boundary between i r rad ia ted  and unirradiated regions. 
height implied 1% swel l ing i n  the peak displacement region. 

l y  operate. tr sses exceeding the y i e l d  strength can be generated below the 

Wolfer and Garner 
lop  i n  response t o  bubble-induced swel l ing are responsible f o r  much of t h i s  

A t  temperatures where i r r ad i a t i on  creep operates easily, t he  l a t e r a l  stresses t h a t  a r i se  from sel f- ion 

This co r re la t ion  stated t h a t  each 60 A of step 

Fig. 1. Surface of a duplex alloy, Uranus 50. bombarded w i t h  1017 N i +  ions/cm2 a t  625.C. The austeni te 
grains have swollen and r i sen  above t he  adjacent low-swelling f e r r i t e  grains. 
expansion f t he  aus t i n i t e  grains has occurred. re f lec t ing  t he  un id i rect ional  nature of t he  

No l a t e r a l  

swelling. 2? 

Garner. Wire and Gi lbertn l a t e r  showed t ha t  t he  step height conversion fac to r  was dependent on t he  
ta rge t  mater ial  and ion energy bu t  most importantly. represented a p l as t i c  f low i n  which the tatdl olume 
change was a c c m d a t e d  so le ly  by novement of mass 
independently reached the same conclusion w i th  respect t o  crazing i n  gas ion  i r r ad i a t i on  o f  quartz and 
v i t reous s i l i ca . )  The red i rec t ion  o f  two- thirds of the mass flow towards t he  specimen surface ImplieS 
t ha t  ion-induced swel l ing experiments should more cor rec t l y  be characterized as ion-induced creep 
experiments. 

t o  the specimen surface. (Primak” had 
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The surface topography of ion- irradiated mater ials a t  swelling-relevant tmperatures thus contains an 
integrated record of the  dependence on c r ys ta l l i ne  geometry o f  various i r r ad ia t i on  creep mechanisms. 
dr iven by an anisotropic ~ ~ m p r e s s i v e  stress s ta te  determined only by the  r a t i o  o f  t he  local  swel l ing r a te  
and the creep compllance. This l a t t e r  quant i ty depends not only on the  o r ien ta t ion  o f  the  grain wi th  
respect t o  the  surface but changes as the underlying microstructure passes through various evolutionary 
r e  imes. 
evgdenced by an i n a b i l i t y  t o  explain the  experimental observations i n  terms of the  or ientat ion dependence 
of y ie ld ing and also by an absence of microstructure typ ica l  o f  abrupt yielding. 

As shown i n  Figure 2. Johnston and coworkers observed t h a t  ion-induced step heights o f ten  varied frm 
grain-to-grain and t h a t  twinned regions w i th in  a grain could exh ib i t  e i ther  lower o r  higher step heights 
than the grain i n  which they are located. implying a dependence o f  swel l ing on gra in o r i e n t a t i ~ n . ~ ~  
Chang. Bajaj  and Diamonda noted t h a t  grains wi th  or ientat ions c losest  t o  the  major poles ( ~ l l l l . C O O 1 1  
and C O l l l )  exhibi ted smaller steD heiahts than d id arains oriented around minor axes (C1131.Cl231 and 

The in ternal  stress i n  t he  swel l ing layer  i s  thus l im i t ed  t o  levels  below the  y i e l d  stress. as 

Fig. 2. Surface de ta i l  on annealed 304 specimen bombarded w i th  7X1016 Ni'ions/cm2 a t  660'C.24 Two twins 
The on the r i g h t  are elevated above the  grain. and tw in  a t  upper l e f t  i s  s l i g h t l y  depressed. 

large horizontal  step i n  the  foreground represents the boundary between exposed and shielded 
areas a t  the mask ' 

Wol f e r  and Garner calc 
function of gra in  orienta 
largest  leve ls  of stress arose i n  microstructures having the  leas t  degree o f  freedom. i.e.. those 
composed only of Frank loops. 
(Stress Induced Preferent ial  Absorption o f  i n t e r s t i t i a l s )  mechanism o f  creep could not  operate. 
and Garner concluded t ha t  the  orientatlon-dependent differences i n  step height arose only I n  the 
incubation period of swel l ing and represented a temporary d i f f i c u l t y  i n  movement of mass by the SIPA 
mechanism for  loop-dominated microstructures wi th  unfavorable orientations. 
composed of free dislocat ions developed. the  effects of swelling-generated stresses and c rys ta l  
or ientat ion were predicted t o  diminish strongly. 

One conclusion drawn from these various ion bombardment studies i s  t h a t  one might expect an anisotropy 
i n  the  d i s t r i bu t i on  o f  d is locat ion Burgers vectors t o  r esu l t  from o r  cause the unid i rect ional  movement o f  
mass toward the  surface. To the  knowledge of the  authors of t h i s  paper. however. no studies O f  t h i s  
poss ib i l i t y  have ever been conducted f o r  ion- irradiated metals. 
anisotropfes are observed i n  other types o f  studies. 

eep mechanisms as a 
It was found t h a t  the  

For f o i l  normals l y i ng  pa ra l l e l  t o  sane low index direct ionsr the  SIPA 
Wolfer 

Once microstructures 

As w i l l  be shown later.  such 
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The studies i n  References 19 and 23 also foreshadowed t he  l a t e r  f i nd ing  t ha t  creep and swel l ing would 
always co-evolve a t  rates which were conmensurate. each accelerat ing a t  t he  same time. avoiding t he  
generation o f  l a rge  leve ls  of swelling-induced in terna l  stresses. 

i n  t he  

Buckley and Manthorpe% demonstrated t h a t  observations o f  d is locat ion behavior relevant t o  t he  study 
of i r r ad i a t i on  creep could be made using t h i n  f o i l s  without applied stress. They noted t h a t  d is locat ion 
mvements were of two d i s t i n c t  types: 
direct ion, and r e l a t i v e l y  slow but progressive un id i rect ional  d r i f t s .  The former have t he  
character is t ics  of d is locat ion g l i d e  and t he  l a t t e r  were presumed t o  represent d is locat ion c l i M  
or ig ina t ing  from the p re fe ren t ia l  absorption o f  i n t e r s t i t i a l  atoms. They also noted t ha t  d is locat ion 
f luxes measured during i r r ad i a t i on  increased rap id ly  wi th  temperature above 300'C coincident w i th  t he  
onset o f  void swelling. I n  addition. they found t h a t  the i n i t i a l l y  isot rop ic  d is locat ion cl imb fluxes 
l a t e r  became heavi ly biased toward  those dis locat ions which moved mass toward t he  specimen surface. 
was described as a consequence of b i ax i a l  rest ra in ing stresses which developed a t  t he  perimeter of t he  
i r rad ia ted  region. causing i r r ad i a t i on  creep toward specimen surfaces. 

I r r ad i a t i on  creep represents on ly  a stress-induced modif icat ion of the po in t  defect capture 
e f f i c i enc i es  o f  various microstructural  sinks. but t he  stress- free capture ef f ic ienc ies are a lso t he  
subject of theoret ica l  lnVeStigat10n.1'2'27 Charged p a r t i c l e  i r r ad i a t i ons  conducted without applied 
Stress are sanetimes used t o  der ive consistent sets o f  mater ial  pa 
various microstructural  sinks toward net capture o f  i n t e r s t i t i a l s .  "~KA such e lect ron study 
concluded t ha t  voids also exh ib i t  a p re f  ence f o r  i n t e r s t i t i a l  absorptionsg0 and a s im i l a r  conclusion 
was reached I n  an ion i r r ad i a t i on  study." This conclusion i s  pa r t i cu l a r l y  relevant t o  t he  observation 
t h a t  both i r r ad i a t i on  creep rates and d is locat ion f luxes accelerate w i th  the onset of void swelling. 

Studies u t i l i z i n g  charged p a r t i c l e  i r r ad i a t i on  t o  obtain stress- free capture e f f i c ienc ies  requi re  t h a t  
the impact o f  var iables atyp ica l  o f  t he  neutron environment be factored i n t o  the a n a l y ~ i s . ~ ~ - ~ ~  
Pa r t i cu l a r l y  relevant are recent f indings t ha t  radiation- indu 
b ias against the absorption of vacancies a t  t he  f o i l  surface,5' $vat segregation a t  void surfaces changes 
t h e i r  capture ef f ic ienc ies for both vacancies and i n t e r s t i t i a l s ,  
displacement I#J~ o f  charged p a r t i c l e  i r r ad i a t i ons  s i gn i f i can t l y  a l t e r s  t he  bias o f  both voids and 
dislocations. 

spasmodic. large amplitude j e r ks  which frequently al ternated i n  

This 

including t he  bias factors  o f  

d segregation a t  f o i l  surfaces induces a 

and t h a t  the t y p i c a l l y  higher 

ron i r r v  

The successful descr ip t ion o f  i r r ad i a t i on  creep phenanena requires no t  on ly  t he  i den t i f i ca t i on  of t he  
mechanisms involved. but a lso a descr ip t ion o f  t he  i den t i t y  and density o f  t he  microstructural  canponents 
on which t he  mechanisms operate. The dlscontlnuous nature o f  microstructural  data extracted from neutron 
i r r ad i a t i on  experiments requires t h a t  sane de ta i l s  of canponent evo lu t ion i n  response t o  environmental 
var iables and fluence be examined using simulat ion studies o f  a continuous nature. Comparison of data 
derived from neutron and e lect ron i r r ad i a t i on  e ~ p e r i m e n t s ~ ~ * ~ ~ ~ ~ ' j  has no t  only demonstrated t he  Val i d i t y  
o f  simulations applied t o  t h i s  objective. but has also led t o  an improved understanding of t he  factors 
which cont ro l  t he  development o f  various kinds of d is locat ion loops and t h e i r  r e l a t i v e  con t r ibu t ion  t o  
i r r ad i a t i on  creep deformation. 

The analysis and experiment described i n  t h i s  sect ion were i n i t i a t e d  t o  resolve two ananalies 
discussed i n  an e a r l i e r  paP0raf6 These concerned t he  growth behavior o f  several kinds o f  i r rad ia t ion-  
produced d is locat ion loops. F i rs t .  whereas neutron-produced loops usual ly  possess r e l a t i v e l y  regular 
boundaries, electron-produced loops often possess qu i t e  i r regu la r  o r  crenulated boundaries. implying t h a t  
e lect ron simulations are no t  relevant t o  neutron experience. Second. as shown i n  Figure 3a. measurement 
of growth rates o f  loop area i n  e lect ron i r r ad i a t i ons  showed t h a t  t he  Frank i n t e r s t i t i a l  loops gre* a t  
ra tes substant ia l ly  la rger  than those of diamond pr ismatic loops which co-existed i n  t he  same volume and 
were subjected t o  t he  same loca l  environment. This l a t t e r  observation ap ears t o  be i n  c o n f l i c t  w i th  
predict ions based on t he  preferent ia l  i n t e r s t i t i a l  capture or bias theoryg0 t h a t  forms the basis of t he  
SIPA creep theory.41 and therefore casts doubt on the v a l i d i t y  o f  such theories. 

w n  of frr- 

There are a number of observations t h a t  can be made fmm Figure 3b t h a t  i l luminate t he  possible o r i g i n  
of i r r egu la r  loop growth. F i rs t ,  both the Frank i n t e r s t i t i a l  and diamond pr ismatic loops exh ib i t  
i r regu la r  growth behavior. although each does so i n  a d i f ferent  manner. The pr ismatic loops located j u s t  
below the l e t t e r  A i n  Figure 3b are attempting t o  r e t a i n  the expected dlamond shape bu t  develop 
addit ional facets as t he  i r r ad i a t i on  proceeds. Apparently the loops are encountering obstacles i n  t he  
loop plane t h a t  r e s t r i c t  further growth. The resu l t i ng  i r r e g u l a r i t i e s  are retained a t  higher fluence. 
The nature o f  the obstacles i s  not revealed i n  these micrographs. being i n v i s i b l e  under these d i f f rac t ion  
conditions. 
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Fig. 3. (a) Relat ive growth ra tes of Frank i n t e r s t i t i a l  and pr ismatic d is loca t ion  loops dur ing 1.0 MeV 
e lect ron i r r ad i a t i on  of annealed 316 sta in less s tee l  a t  500'C and 3X104 dpa/sec. (b) loop'growth 
sequence. 

The Frank fau l ted l o  ,bstacles. This p r a e s s  
gives r i s e  t o  h igh ly  i r  
seglnents charac te r i s t i c  OT pr1sma.nc ioops. 
strongly by minimum l i n e  length considerations, the Frank loops are able t o  envelop and a c l u d e  t he  
obstacles. 
estimate o f  t he  obstacle s i ze  (o r  i t s  sphere o f  Influence) can be obtained from the  ac luded  area. 

I the s t r a i gh t  l i n e  
~ i n c e  m e  T ~ U I Z W  iuup WUIIUWIL- are no t  governed as 

Although no contrast i s  associated w i th  t he  obstacle under t he  imaging condit ions used. an 

Many of t he  faulted loops shown i n  Figure 3b contain small non-faulted areas surrounded by faulted 
regions. 
marked B i n  t he  right-hand micrograph of Figure 3b contains an obstacle t h a t  i s  j u s t  about t o  be 

These occluded non-faulted areas correspond t o  nodes observed a t  lower fluence. The loop 
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enveloped. The intersected cross sections o f  the  obstacles are roughly c i rcu lar .  and therefore the  
obstacles are probably roughly spherical. The Frank loop j u s t  above the l e t t e r  A i n  Figure 3b has 25 
nodes and inclusions i n  a c i r c u l f g  am? of approximately 4000 A diameter. This corresponds t o  a planar 
obstacle density of about 2 & l o  cm P with diameters of 30 A. The volumetric obstacle density i s  
therefore on the order of 10 cme3. Many of the  loops viewed edge-onward appear t o  exh ib i t  contrast 
ind ica t i ve  of m a l l  obstacles along t h e i r  len  th, but  the  l im i ted  evidence i n  t h i s  micrograph i s  not 
considered conclusive proof o f  existence o f  o%StaCleS. 

It should be noted t h a t  the  obstacle density and s ize d i s t r i bu t i on  observed i n  t h i s  study are not  
always observed i n  other i r r ad ia t i on  experiments as shown i n  Figure 4. 
i r rad ia t ions  on s im i la r  specimens, d i f f e ren t  loop mrphologies were observed i n  exploratory i r rad ia t ions  
conducted a t  approximately SOO'C. Note I n  Figure 4b t h a t  the  occluded obstacle sizes are much smaller. 
and therefore more eas i l y  enveloped by the  Frank loops. 
loop shape. The prismatic loop boundaries also show correspondingly smaller i r regu la r i t i es .  The loops 
i n  other n m i n a l l y  s im i la r  i r rad ia t ions  of ten exh ib i t  qu i te  regular and near-hexagonal shapes. 
it i s  inferred t ha t  the  obstacles are e i ther  a t  a very low density o r  t h a t  they are too  small t o  impede 
the  growth o f  the loops. The obstacles do not appear t o  be voids. as the s t r a i n  contrast of small voids 
can be eas i ly  observed i n  Figures 3b and 4a. 
t o  the  time a t  which the  f o i l  i s  held a t  the  i r r ad ia t i on  temperature before i r r ad ia t i on  cammnces. 

I n  several n m i n a l l y  ident ica l  

This leads t o  less s t r i k i n g  i r r egu la r i t i e s  i n  

F r m  t h i s  

The stze and density o f  the  obstacles appears t o  be related 

Fig. 4. Loop microstructure developed i n  two nuninal ly s im i la r  electron i r r ad ia t l on  experiments conducted 
I r r ad ia t i on  conditions are the  same as t h a t  of Figure 3. except on annealed 316 sta in less steel. 

f o r  the time a t  which the  f o i l s  were held a t  temperature p r i o r  t o  i r rad iat ion.  

Other aperiments have observed i r regu la r  loop growth i n  austeni t ic  s tee ls  i r rad iated wi th  
electrons -43 and ions.44 I n  the l a t t e r  study, it was shown t h a t  the  degree o f  i r r egu la r i t y  was 
affected by the  d i s p l a c m n t  ra te  increases associated wi th  pulsed i r r ad ia t i on  vera1 of these studies 
a t t r ibu ted  the i r r egu la r i t y  t o  a r i se  from loop intersect ion With precipitates. az,B 

rates for r- 

According t o  La id ler  and coworkers.35 the prismatic loops shown i n  Figure 3b l i e  on (112) planes w i th  
Burgers vector b = 112 e 1 1 O h  and the  faulted i n t e r s t i t i a l  loops l i e  on (1111 planes wi th  b - 1/3 <111>. 
Another loop o r ien ta t ion  t h a t  w i l l  be considersd is t h a t  o f  dimnd-shaped loops With the  1/2 <011> 

stainless steel. 
Burgers vector 1 ng on (012) planes. These l a t t e r  loops have been observed i n  many fcc metals Including 
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An e a r l i e r  discussion5 stated t h a t  a Frank loop should grow slower than a diamond loop. since t he  
former required the  creat ion o f  a fau l ted region. This expectation i s  incorrect however. The stacking 
f a u l t  energy i s  electronic i n  nature and ar ises from the  d isrupt ion of the  per iod ic i t y  of the  electron 
potent ial .  Although the  stacking f au l t  energy contr ibutes t o  the act ivat ion bar r ie r  for nucleation. a l l  
first-nearest-neighbor a t d c  relat ionships are preserved and therefore there are no e l as t i c  d is to r t ions  
associated w i th  the  stackin 
defects wi th  the  s t r a i n  f ieyd of the  dislocation. which i n  t u rn  i s  related t o  the  magnitude and 
or ientat ion o f  the Burgers and normal vectors o f  the loop. 

affects the  loca l  equi l ibr ium concentration of vacancies i n  the v i c i n i t y  of the loop. and thus the  
vacancy emission ra te  from the  loop. 
fau l t  energy. 

fau l t .  The bias f o r  growth ar ises frm the  e l as t i c  in teract ion o f  po in t  

Although the  stacking f au l t  energy does not  contr ibute t o  t he  b ias of the  d is locat ion loop l ine. it 

This i s  because an increase i n  the  loop area increases the  stacking 

Wolfer and Ashkln4' showed t h a t  the  i n t e r s t i t i a l  capture e f f i c iency  o f  in f in i tes ima l  loops i s  given by 

This term becomes important only a t  high temperature or  low i r r ad ia t i on  damage rate. 

2 = 1 + A 1  (n El2 + A2 Cb2 + 1/3(; + E l2]  C11 

where 
temperature, and po in t  defect parameters such as relaxat ion volume and e l as t i c  po la r i zab i l i t y .  

in f in i tes imal  +oops can be determined by cmput ingthe terms containi  q 6 and n. Note t h a t  the  second 
term i n  Equation C11 i s  the largest  contr ibutor  t o  the  bias 
f o r  each loop are shown i n  Table 1. 
ef f ic iency t o  be 1.0. 

i s  the  loop normal vector. and A1 and A2 are coe f f i c ien ts  t h a t  depend on the  loop radiyg, 

Since the A and A2 parameters are independent of loop ident i ty ,  the  relati-ve growth rates o f  

The vector terms and growth ra te  
The ca lcu lat ion of r e l a t i ve  growth ra te  assumed the vacancy capture 

TABLE 1 
CALCULATION OF LOOP BIAS FACTORS - - 

a 
EWkkaQQ 

y C O l l l  
a - 

b ; C1111 y C O l l l  

n 1 C l l l l  1 c0121 & C1121 
- 

A? 
3 

2 
3 

2 
2 

La? 
20 

2 
2 

%32 
8 

Y .. . . . - . 

Relat i  
ra te  b 
seconc 

ive growth 
lased on 0.68 
I t e r n  

1.00 0. 96 

loop. There are several problems wi th  t h i s  analysis. however. 
Equation C11 i s  applicable t o  very small loops only and involves a spat ia l  in tegrat ion o f  po int  defect 
f luxes around the  loop, which a t  large distances appears o be a po in t  sink. Equation C11 breaks down 
when the  loop radius i s  larger  than approxfmately 100 A.4' The r e l a t i v e  re la t ionship o f  loop growth 
rates should be preserved a t  larger  sizes. however. 
c i r cu l a r  boundaries. an assumption t h a t  i s  obviously inconsistent wi th  the  experimental observations. 
shown below. the A and A coef f ic ients  are w r i t t en  i n  terms of absorption per loop area although the  
absorption of point  defeczs occurs along the loop perimeter. 

The treatment used i n  the development o f  

It was also i m p l i c i t l y  assumed t h a t  the loops have 
As 



F 
1 

42 

G k 
where R i s  t he  loop radius. Y i s  Poisson's ra t io ,  0 and 0 are e l a s t i c  po la r i zab i l i t i es .  K i s  t h e  bulk 
modulus, w i s  t h e  m i s f i t  volume. k i s  t h e  Boltzmann constant and 1 i s  t he  absolute temperature. 

If the l i n e  length per u n i t  area f o r  t he  fau l ted loop i s  substant ia l ly  greater than t h a t  o f  t he  
prlsnatic loops. a 68% r e l a t i v e  b ias per u n i t  area could eas i l y  lead t o  a la rger  growth r a t e  f o r  the 
faulted loop. 
pr ismatic loops as shown i n  Figure 3a. I f  t he  r e l a t i v e  growth ra tes shown i n  Tabye 1 were appl icable a t  
a l l  loop SiZ8so t h i s  would require a r a t i o  of approximately 2.9 in t he  l i n e  length per u n i t  area f o r  t he  
two types of loops. This i s  i n  reasonable agreement wi th  the i r r ad i a t i on  ser ies shown i n  Figure 3b. 

It Is important t o  question whether t he  phenomenon discussed above f o r  e lect ron i r r ad i a t i on  a t  high 
displacement ra tes i s  relevant t o  reactor i r rad ia t ions  conducted a t  lower displacement rates. It i s  
t r ad i t i ona l  t o  invoW "temperature sh i f t s"  when comparing i r r ad i a t i ons  a t  d i f f e ren t  displacement rates3* 
and thus one would expect rate- related i r r e g u l a r i t i e s  i n  loop shape t o  pers is t  u n t i l  higher temperatures 
i n  charged p a r t i c l e  i r rad ia t ions.  I n  general t he  loops observed i n  utron- irradiated mater ial  are m r e  
regular i n  appearance for temperatures on t he  order of 450 t o  550'C.a8 As shown i n  Figure 5. however, 
i r regu la r  loy%,&ve been observed a t  r e l a t i ve l y  low neutron exposures and r e l a t i ve l y  low 
temperatures. Kawanishi and Ish ino showed t h a t  loops i n  neutron- irradiated Fe-16Ni-15Cr were very 
regula i n  t he  absence of other solutes. bu t  became very i r regu la r  when carbide forming elements were 
added.h7 It appears therefore t h a t  t he  i r regu la r  growth habi t  o f  fau l ted loops i s  a phenomenon relevant 
t o  both t he  neutron and e lect ron environments i n  t he  low temperature por t ion o f  t he  swel l ing regime. The 
swel l ing phenmnon i s  known t o  be dependent on t he  displacement rate. however. and it appears t h a t  t he  
crenulated loop phenomenon may be s im i l a r l y  sensit ive. A model i s  required which allows crenulated Frank 
loop growth t o  occur provided t he  displacement r a t e  i s  s u f f i c i e n t l y  high. the temperature i s  su f f i c i en t l y  
low an4 only  f o r  ce r ta in  combinations of obstacle s i ze  and density. 

The experimentally detemined growth r a t e  f o r  fau l ted loops i s  rou h l y  twice t h a t  of 

Fig. 5. Dark F i e l d  Micrograph Showing I r regu la r  Shaped Frank I n t e r s t i t i a l  Loops observed i n  304 s ta in less 
s tee l  i r rad ia ted  a t  370'C t o  2 
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v 
Consider a curved segmnt o r  " finger" of a Frank i n t e r s t i t i a l  loop ex is t ing  a t  constant tenperature. 

The fur ther  growth o f  t he  segment i s  opposed by thermodynamic d r i v i ng  forces which tend t o  reduce t he  
d is locat ion l i n e  length. 
vacancies between l i n e  segments o f  d i f fe ren t  vacancy chemical potent ia l .  

These forces increase w i t h  increasing temperature and induce a ne t  f low o f  

A t  the t i p  of a finger, t he  equi l ibr ium vacancy concentration i s  given by 

141 

providing we ignore t he  cont r ibut ion of t he  stacking f a u l t  energy since it i s  small compared t o  t ha t  O f  
the 1 ine  tension. 

The l i n e  t e n ~ l o n ~ ~  A is 

where r is the radius o f  curvature. G is t he  shear modulus, 
constant. T i s  t he  temperature and R t he  atomic volume. 
Burgers vector b.) 
Along t he  concave por!ions. 1.e.. a t  t he  nodes. the vacancy concentration would be 

p i s  Poisson's rat io.  k I s  t he  Boltzmann 
(A core radius has been selected equal t o  the 

C ( t i p )  is seen t o  be lower than t he  bulk equi l ibr ium vacancy concentration ctq.  

An Cv (node) = CCq exp[+ r;il, 161 

providing t h a t  no obstacles were there. 
o f  the modif icat ion is unknown. 

The presence of an obstacle w i l l  modify Cv(node). but the nature 

The vacancy concentration a t  t he  s t ra igh t  sectiont Cv(straight), a lso d i f f e r s  from CV eq due t o  t he  
in teract ion w i t h  t he  adjacent s t r a i gh t  section. 
separation distance h i s  small ccunpared t o  t he  dimension o f  t he  loop. then 

The two s t r a i gh t  sections form a dipole. and if t h e i r  

CY(stralght)  - C t q  exp[F/kT], VI 

where t he  climb force is given by 

, (stralght l  > C:q > C ( t i p ) .  so t h a t  t he  d i f ference AC = Cv(straight)  

11 be occluded i n  t he  praess. 
vacancies frm the  sxra ight  sections t o  t he  t i p s  of t xe  f ingers. If 

Note t h a t  C 
ne t  f low o f  
obstacle w i  

-C ( t i p )  w i l l  cause a 
thYs occurs. t he  

The flow or vacancies ranes place prooaoiy oy pipe o i ~ i u s i o n  w i m  a migranon coe f f i c ien t  0:lpe so 
t h a t  t he  vacancy current  jv from node t o  t i p  i s  given by 

where L i s  t he  length o f  t he  finger. 
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The radiation- induced current  j o f  atoms ( i n t e r s t i t i a l s  minus vacancies) t o  t he  t i p  i s  

j ?: 2rr [Zi(r) DiCi - Zv(r)  DVCV], [lo1 

*here 
coef f ic ients .  The growth r a t e  o f  t he  f inger 's length can be approximated by 

and 2, are the i n t e r s t i t i a l  and vacancy capture ef f ic ienc ies and D1 and D, are the d i f fus ion  

The curvature a t  t he  t i p  depends on t he  f inger length L and the average separation distance L o f  
obstacles. If a simple sinusoidal model i s  used for t he  crenulated shape of the loop one f inds  t h a t  

Using equations C9l. Clll and C121. one obtains 

z dL rb2[ZiDiCi - ZvDvCV - 2 $ D!ipe AC,]. 

dL 
The evaluation of equation C131 f o r  > 0 y ie lds  t he  condit ions under which f inger  growth w i l l  

proceed f o r  a given obstacle separation distance. Crenulated growth thus occurs when 

Note t h a t  smal 1 obstacle spacings and high temperatures (expressed through the temperature dependencies 
Of D?,'Pe and A C ~ )  tend t o  increase the r i g h t  hand side o f  t he  inequal i ty  i n  equation [141. This provides 
the explanation o f  t he  high temperature cut- of f  of f inger  growth a t  any given displacement rate. Above 
the cut-off temperature the loop w f l l  no t  propagate a f i nger  a t  t h a t  obstacle density and displacement 
rate. The loop w i l l  grow i n  another d i rec t ion  u n t l l  it i s  completely constrained by obstacles and ceases 
t o  grow. 
separation distance between obstacles. A t  some high density the p rec ip i ta te  would becane small enough 
and cease t o  funct ion as an obstacle or even as an i den t i f i ab l e  second phase. 

I n  pract ice t h i s  seldom happens because t he  obstacle's diameter must be smaller than t he  

The displacerent rate- related temperature s h i f t  observed i n  t he  cut- of f  of crenulat ion during 
isothermal i r rad ia t ions  a t  higher temperatures ar ises no t  only from t he  known temperature s h i f t  o f  loop 
nucleation w i th  increasing displacement r a t e  bu t  also from the increase i n  the l e f t  hand side of 
inequal i ty  C141 wi th  increasing displacement rate. 

I n  t he  foregoing discussion t he  possible dependence o f  p rec ip i ta te  density and mean s ize  on 
temperature and displacement r a t e  was ignored. 
density w i th  increasing temperature. 
a l l o y  and add addi t ional  complexity t o  the descr ip t ion o f  t he  cu t- o f f  phenanenon. 

obstacles i n  a qu i t e  d i f f e r e n t  manner. 

Prec ip i ta tes usual ly  increase i n  s ize and decrease i n  
The possible de ta i l s  o f  t h i s  dependence are d i f f e r e n t  f o r  each 

Note t h a t  t he  foregoing analysis does not apply t o  pr ismatic loops. however. which respond t o  

snme 

The dependence o f  crenulated loop growth on displacement r a t e  cannot be eas i l y  determined without 
s iml taneously  changing t he  e f fec t i ve  temperature due t o  t he  temperature s h i f t  phenomenon involved i n  
loop nucleation. However. i f  loops are nucleated and grown t o  reasonable s izes a t  one temperature. and 
t he  temperature raised thereafter. the e f f e c t  o f  temperature on crenulat ions developed a t  the lower 
temperature can be studied. Therefore. two exploratory i r r ad i a t i on  experiments were conducted t o  observe 
Frank i n t e r s t i t i a l  loop behavior before and a f t e r  a temperature change. Both i r rad ia t ions  were conducted 
on a s ing le  specinen of 20% cold worked A I S 1  316 sta in less s tee l  which had been annealed f o r  one hour a t  
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12OO'C prior to irradiation. 
temperature rise in the irradiated area was calculated to be small (S5T).48 The measurement of 
projected loop areas and perimeters was performed using a bantimet 720 Image Analyzing Cmputer. 

The central displacement rate was -1.0 dpa/hr nd the beam-induced 

In the first irradiation one area of the specimen was irradiated for a total of ten minutes at 
and micrographs were taken intermittently. After coolin the s ecitrmn to EO'C a stereo pair was 
of the borbarded region. The temperature was then raise3 to 608'C and the specimen was irradiatec 
total of six minutes. A t  500'C the Frank loops developed the irregular shapes comuanly observed a 
temperature and displacement rate as shwn in Figure 6(a.b). These irregular shapes were observec 
relatively small loop sizes (-30 nm in diameter) after four minutes of irradiation. Larger loops 
edgewise appeared to be associated with many small ( 5 1 0  nm) diffraction contrast features though1 
arise from the presence of small precipitates. The irregularities of Frank loops were initially r 
upon unfaulting and subsequent formation of prismatic loops, but these new loops developed segmeni 
lengths within several minutes which were straight rather than curved. 

When the irradiation was resumed with the temperature raised to 600'C the Frank loops quickly 1 
Within two minutes (S0.03 dpa) all loops c 

Many developec 
their irregular perimters as shown in Figure 6(crd). 
into more cmpact shapes with sides canposed of relatively straight line segments. 
hexagonal shape characteristic of interstitial loops in fcc metals. 

a b C d 
0.51.1 - 

Fig. 6. Change in Frank fnterstitial loop growth behavior in 316 stainless steel during electron 
irradiation at 500'C (a.b) followed by further irradiation at 600'C (end). 

In the second experiment. irradiation proceeded at 500'C on a new area for 15 minutes prior to 
first observation. The central region of the irradiated area contained highly crenulated Frank 1 C  
which grew to span the entire foil thickness. At an elapsed time of E minutes the temperature w i  
increased to 600'C and the irradlation was resumed. Unfortunately, all loops in the central area 
unfaulted quickly ( 5 one minute). The irradiation was continued. however. in the hope that the c 
Information could be obtained from loops on the periphery of the irradiated area. This effort wa! 
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rewarded i n  t ha t  a number of loops survived and one such loop was favorably or iented f o r  photcgraphy. 
was found t o  be v i s i b l e  I n  a l l  micrographs taken i n  t he  in te rva l  of I5 t o  35 minutes. 
i l l u s t r a t e s  t he  general behavior of t h i s  loop. 
the upper surface o f  the f o i l .  

It 

The loop i s  inc l ined -35' t o  t he  f o i l  plane and l i e s  near 
Figure 7 

200 nrn I 
500°C 5OO0C+ 6OOOC 600OC 

P 

18 MIN 25 MIN I 27 MIN 35 MIN i 
Fig. 7. Influence of a temperature increase on the growth behavior of Frank i n t e r s t i t i a l  loops i n  316 

s ta in less steel. A t  600*CI the prec ip i ta tes a t  the base of the nodes dissolve. The loop 
decreases i t s  perimeter a t  constant loop area and exh ib i t s  a lower growth r a t e  thereafter.  

When f i r s t  observed t he  loop had already begun t o  develop a crenulated boundary. which became 
increasingly i r regu la r  thereafter. 
more compact shape. 
t he  extended f ingers i n t o  t he  body o f  t he  loop. 
no t  include any occluded obstacles. 
loop perimeter was f a i r l y  complex. 
minutes. providing t h a t  t he  loop was assumed t o  nucleate a t  t he  beginning of the experiment. 
r a t e  o f  t he  perimeter increased t o  a new ra te  a f te r  18 minutes. 

After t he  temperature was increased. t he  loop qu ick ly  developed a 
As shown i n  Figure 8a, t h i s  transformation occurred la rge ly  due t o  the re t rac t ion  of 

The h is to ry  of t he  
It i s  important t o  note t h a t  t he  more compact loop does 

The growth 

When t he  temperature was increased t o  600'C the loop suffered a 4 Z  reduction i n  perimeter w i th in  t he  

This suggests t h a t  t he  obstacles have dissolved. 
The perimeter appeared t o  grow l i n e a r l y  w i th  t ime f o r  the f i r s t  18 

next two minutes. followed by a more gradual decl ine over t he  next 6-112 minutes. 
beginnlng t o  increase again when the experiment was terminated. 
o f  perimeter was accomplished without unfaul t ing o r  loss  o f  loop area. 
a r a t e  proport ional t o  t ime squared. While t he  loop was shr inking i n  p e r i m t e r  a t  600'C it grew i n  area 
a t  a slower r a t e  as shown i n  Figure Bb. re f lec t ing  i t s  smaller perimeter and perhaps sane influence of 
t he  higher temperature. 

p rec lp i ta tes  a t  S O O T  and t h e i r  subsequent d isso lu t ion a t  600'C. Although the prec ip i ta tes are not 
v i s i b l e  when the loop i s  i n  f u l l  cont rast  there are sane cont rast  features suggestive of p rec ip i ta tes  
which are v i s i b l e  when t he  loop i s  viewed on edge. Figure 9a demonstrates t ha t  when another loop i s  
imaged almost out o f  contrast. small prec ip i ta tes can be seen a t  the base o f  t he  lobes. 
examination o f  these prec ip i ta tes c o n f i n  t h a t  they l i e  across the plane o f  the loop. 
stereo. t he  loops appear t o  enclose t he  p rec ip i ta te  a t  a radius la rger  than t h a t  of t he  precipi tate,  
ind icat ing t h a t  t he  sphere o f  inf luence i s  larger  than the physical s i ze  o f  the prec ip i ta te .  
I n  Figure 9b t h a t  these prec ip i ta tes have dissolved and no longer e x i s t  a t  600'C. Apparently these 
p rec ip i ta tes  are unstable a t  600'C. and t he  subsequent unrestrained l i n e  tension of t h e  d is loca t ion  
provides a d r i v i ng  force for reduction I n  loop perimeter. 

The perlmeter was j u s t  

A t  500'C t he  loop g r w  i n  area a t  
Contrary t o  expectations the shrinkage 

I n  t h i s  second experiment t he  micrographs were a lso examined f o r  evidence o f  the presence o f  

Stersographic 
When viewed i n  

Note also 

The studles presented i n  t h i s  sect ion conf i rm the contention t h a t  electron-produced d is loca t ion  
microstructures can be used t o  describe t he  dynamic behavior expected i n  neutron i r r ad i a t l on  studies. but 
also reinforce t he  necessity o f  factor ing displacement r a t e  e f f ec t s  i n t o  the analysis. 

E k S r o n  i r r p  

It i s  possible t o  apply loads t o  t h i n  areas of metal specimens dur ing i r r ad l a t i on  w i th  electrons, but 
It I s  d i f f i c u l t  t o  determine the actual stress leve l  i n  the area under observation. 
Manthorpso i r rad la ted  A1-Si a l l o ys  i n  a hlgh voltage e lect ron microscope and were able t o  ca lcu la te  t he  

Buckley and 
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AT 600°C 
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Fig. 8. (a) Superimposed ou t l i nes  of loop pertmeter. showing t h a t  n e t t r a n s p o r t  I: vacanc 
nodes t o  loop f inger t ips  causes a re t rac t ion  o f  t he  f ingers i n t o  t he  body of the 
Reduction I n  growth r a t e  coincident w i th  t he  reduced perl tmter.  

5 from loop 
~ p .  (b)  

l oca l  stress on network dis locat ions by measuring the bowing o f  d is locat ion segments. 
were found no t  t o  dwell in a unique and invar ian t  stress f ie ld .  bu t  were observed t o  be subjected t o  
e l as t i c  s t r a i n  f i e l d  perturbations emanating from the cont inual ly  a l t e r i ng  spa t ia l  d i s t r i bu t i on  o f  
neighboring dislocations. 
changed i n  strength by orders o f  magnltude. 
p o s s i b i l i t y  of strongly varying loca l  stresses. 

The d is locat ions 

The loca l  stress on ind iv idual  d is lccat ions of ten changed sign and sanetimes 
Theoretical models of creep do no t  i n  general include t he  

-r r _. 54-58-' - . . . . =. . . . . . ., - .  ~ ~ _= 
:$ss sect ional area. 5gtresses may a lso be induced by other factors  such I 

or  surface image forces. > 

I n  was UIC13. cI,w ,,,sy,,,.uuw .,,_.. ll.l..l_... I,.r, ll.l __.  -__.._ ... t h l n  f o i l s  were no t  
sped  f l e  $lxY n~ WCPR a + t l m a t a r l  ( f o r  sultshla werimen neanatries) bv d i v i d i n a  t he  aaolied load by t h e  
measured I as oxide 
format ion' 

I n  a l l  cases wnere szress was appiieo 50 a wiue vur iery  OT TCC mzass a w i n g  eiwccron i r rad ia t ion.  the 

For those studies where t he  
t o t a l  n u d e r  o f  loops was observed t o  increase, with those loops whose plane normal vector made t he  
smallest angle w i th  t he  s t ress direct ion, having t he  hlghest planar density. 
loop s i ze  was reported. it was obvi s 
average loop s i re .  Several author Su4' also reported t h a t  t h e  r a t e  of loop disappearance by unfaul t ing 
events correlated w i t h  t he  resolved normal stress as wellssuch 
nucleat ion were also destroyed a t  accelerated rates. Jitsukaw however. related t he  p robab i l i t y  o f  
Frank loop unfaul t ing I n  i r rad ia ted  pure n icke l  t o  the resolved shear stress along <112> directions. 
which served t o  i n i t i a t e  the react ion producing a per fect  d is locat ion loop. 

hat the Increase I n  loop density was real ized by a reduction i n  

a t  loops favorably or iented for  

c3 Cllll +-ci6 t1213 + a6 C1121 = 5 2  COlll 
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a 

Fig. 9. (a) The la rge  loop i n  the center foreground 
almost ou t  o f  contrast. Small arec io i ta tes 

b 

1 l e  
are 

s close t o  t he  plane of t he  micrograph and i s  
v i s i b l e  a t  the base o f  each note. ( b l  A t  600’C 

t he  p rec ip i ta tes  have dissolvedrand i h e  loop has unfaulted. 

Another feature o f  Jitsukawa’s work was t he  observation t h a t  t he  growth r a t e  of unfaulted perfect loops 
was larger  than t h a t  o f  Frank loops. 
prevlous section. 
crenulated shape t h a t  produced t he  fas te r  growth seen i n  316 s ta in less steel.’55’6 More recent research 
by S. Jitsukawa. Y. Katano and K. Sh i ra ish i  i s  now avai lab le  f o r  quotat ion i n  advance o f  publ icat ion and 
shows t h a t  t he  average 
on t he  loop plane. as shown i n  Figure 10. 

t h i s  i s  indeed so. much unfau l t ing has t o  occur a t  very small and unreso 
t he  mixed loop populations shown i n  Figure 3b. Hishinuma and co-workersar note t ha t  under sme 
conditions, these loops appear no t  t o  be formed by unfau l t ing bu t  by ‘direct agglomeration o f  
i n t e r s t i t i a l sn .  
Unpublished data by Jitsukawa. Katano and Shi ra ish i  suggest t ha t  diamond-shaped perfect loops o r ig ina te  
frm Frank loops, ro ta t lng  when they are small i n  size.Al1 o f  t he  studies c i t e d  above agree t h a t  t he  r a t e  
of unfaul t ing i s  t i e d  t o  the buildup of network d is locat ion density. however. 

This observation i s  not inconsistent w i th  t he  resu l t s  o f  t he  
I n  pure n icke l  p rec i p i t a t i on  does no t  occur and Frank loop d not develop the 

o f  loops i s  indeed enhanced by increases i n  the resolved normal stress 

It i s  no t  ye t  c l ea r  whether t he  perfect d is locat ion loops form only by unfau l t lng of Frank loops. If 
able sizes i n  order t o  explain 

The authors of t h i s  paper are no t  aware o f  supporting evidence for t h i s  proposal. 

The r esu l t s  o f  both stressed and unstressed studies confirm t he  contention t ha t  loops are nucleated 
continuously during i r rad ia t ion.  although t he  ra te  o f  nucleation decreases as the overa l l  microstructural  
density increases. The l i f e t i m e  of an ind iv idual  loop a lso decreases as t he  p robab i l i t y  f o r  in teract ion 
increases. 

I nd i r ec t  evidence o f  stress-induced anisotropic loop d i s t r i bu t i on  has been found using f i ss ion  
fragment i r r ad i a t i on  of molybdenum s ing le  c rys ta l  wafers60-62 and a lso using s ing le  c rys ta l  whiskers o f  
Copperd3 and g f n g ~ t e n . ~ ~  Addit ional i nd i r ec t  evidence has a lso been presented for he1 ium-bombarded 
n icke l  fo i l s .  
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0 . 5 1  

TWO ESTIMATES 
OF 00 = 11.20 MPa 

STRESS NORMAL TO 
LOOP PLANE IMPsl 

Fig .  10. Measurements of  growth r a t e  of  Frank f a u l t e d  i n t e r s t i t i a l  loops  i n  e l ec t ron- i r rad ia ted  n i c k e l  
as a func t ion  of  resolved normal s t ress  on t h e  loop plane. 
der ived from t h e  specimen geometry and t h e  app l ied  load w h i l e  t h e  h igher  es t imate  u t i l i z e d  a 
r e l a t i o n s h i p  between app l ied  s t ress  and l i n e  t ens ion  o f  a p e r f e c t  loop. 
advance of  p u b l i c a t i o n  by S. Jitsukawa, Y. Katano and K. S h i r a i s h i ) .  

The lower es t imate  of  co was 

(Data supp l ied  i n  

The most convin ng d i r e c t  evidence us ing  charged p a r t i c l e s  o the r  than e lec t rons  was provided by 8.2 Atk ins  and McElroy . They used 3.5 MeV protons t o  i r r a d i a t e  r e l a t i v e l y  t h i c k  (-25 m) f o i l s  of N i - Z S % S i  
a t  623K i n  bo th  t h e  s t ress- f ree  and stressed (50 MPa t e n s i l e )  cond i t i on .  Thus t h e  e f f e c t  o f  sur faces was 
minimized and t h e  s t r e s s  s t a t e  was w e l l  character ized.  
analyzed and contained d i s l o c a t i o n  loops of  which 98% or more were o f  Frank i n t e r s t i t i a l  type. 
remainder were small  <110> unfau l ted  loops. 
p lanar  loop diameters and d e n s i t i e s  were independent o f  o r i e n t a t i o n .  It was rea l i zed .  however. t h a t  
beam-induced temperature v a r i a t i o n s  over t h e  gage l eng th  o f  t h e  specimen precluded a d i r e c t  comparison of 
t h e  st ressed and unstressed specimens. s ince  it cou ld  no t  be guaranteed t h a t  they were a t  t h e  same 
temperature. 

Two g r a i n s  i n  t h e  unstressed specimen were 
The 

It was found t h a t  i n  t h e  absence o f  app l ied  s t ress  t h e  

The e f f e c t  of app l ied  s t ress  on loop s i r e  and p lanar  dens i t y  was t h e r e f o r e  assessed by comparing t h e  
data from seven adjacent. randomly o r i en ted  grains.  one of  which had almost equal resolved normal 
s t resses  on each of  t h e  four  closed-packed planes. While t h i s  g r a i n  had e s s e n t i a l l y  i d e n t i c a l  loop 
d e n s i t i e s  and s i zes  on a l l  f ou r  planes. t he re  was a good c o r r e l a t i o n  between loop dens i ty  and resolved 
normal shear s t ress  i n  t h e  o the r  seven grains.  
loops  b u t  d i d  no t  in f luence t h e  t o t a l  loop dens i ty  o r  loop s ize.  
were found a t  5-10% of  t h e  dens i t y  exh ib i t ed  by Frank loops and sane small  vo ids  were a l s o  observed. 
accumulated s t r a i n  was fou r  t imes l a r g e r  than t h a t  a t t r i b u t e d  t o  t h e  Franks loops. i n d i c a t i n g  a 
subs tan t i a l  c o n t r i b u t i o n  t o  t h e  t o t a l  s t r a i n  from t h e  un fau l ted  loops. There may a l s o  have been sane 
i n f l uence  of  s i l i c o n  segregat ion on loops  du r i ng  i r r a d i a t i o n  b u t  t h i s  p o s s i b i l i t y  was no t  addressed by 
A tk i ns  and McElroy. 

The app l ied  s t r e s s  had in f luenced t h e  p a r t i t i o n i n g  of 
R e l a t i v e l y  l a r g e  <110> un fau l t ed  loops 

The 

It i s  important  t o  no te  t h a t  t h e  t o t a l  loop dens i t y  and area were i n s e n s i t i v e  t o  o r i en ta t i on .  
i n d i c a t i n g  t h a t  t h e  conservat ion of  i n t e r s t i t i a l s  was a l s o  unaf fected.  We cannot, however. draw t h e  
conc lus ion  t h a t  t h e  t o t a l  number of  loops had increased w i t h  s t r e s s  a t  t h e  expense of t h e  loop size, 
s i nce  we cannot make a comparison between t h e  st ressed and unstressed specimens. 
s o r t  was observed i n  t h e  e l e c t r o n  i r r a d i a t i o n s  discussed i n  t h e  prev ious  sect ion.  

A trade-off of t h i s  

Another i o n  experiment provided t h e  i n s i g h t  t h a t  g l i d e  processes cou ld  daninate t h e  s t r a i n  observed 
du r i ng  i r r a d i a t i o n  of r e l a t i v e l y  so f t  metals. bu t  t h e  r a t e  of  s t r a i n  as c o n t r o l l e d  by c l imb  over 
i r r ad ia t i on- induced  c l u s t e r s  and loops. Michel, Hendrick and Pieper6’ i r r a d i a t e d  cold-worked n i c k e l  w i t h  
22 MeV deuterons a t  224°C and were ab le  t o  r e l a t e  t h e  observed t r a n s i e n t  creep r a t e s  t o  t h e  t ime- 
dependent d e n s i t i e s  of  defect clusters.1oops and network d i s l oca t i ons .  

W o n  Irra- 

experiments i n  which t h e r e  a r e  e s s e n t i a l l y  no e f fec ts  of surface o r  chemical environment and no 
measurable g rad ien t s  i n  temperature, displacement r a t e  o r  s t ress  w i t h i n  t h e  volume t o  be observed by 
microscopy. 
a b i a x i a l  s t r ess  s t a t e  ex i s ted  (hoop s t ress  = 2 x a x i a l  s t r ess ) .  

I n  bu l k  m a t e r i a l s  i r r a d i a t e d  i n  f a s t  reactors.  it i s  r e l a t i v e l y  easy t o  design creep m ic ros t ruc tu re  

The data presented i n  t h i s  sec t i on  were der ived from pressur ized tube i r r a d i a t i o n s  i n  which 
Most o f  these experiments i nvo l ve  more 
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complex engineer ing- relevant  m ic ros t ruc tu res  than a re  used i n  t y p i c a l  charged p a r t i c l e  i r r a d i a t i o n  
studies.  It i s  a l s o  n o t  poss ib le  t o  ga ther  cont inuous data; each specimen represents on l y  a snapshot of  
t h e  i r r a d i a t i o n  response. w i t h  l i t t l e  in format ion on t h e  prev ious  h i s t o r y  o f  t h e  evo lu t ion .  
hand, It i s  poss ib le  i n  such experiments t o  reach t h e  h igher  displacement l e v e l s  re l evan t  t o  engineer ing 
concerns. 

ann a led  316 s t a i n l e s s  s t e e l  w i t h  a r e l a t i v e l y  h i gh  hoop s t ress  o f  30 K s i  (206 MPa). A t  2.4 X 10” n 
cmd (E>O.lMeV) or 1.2 dpa a t  380’C they  found v a r i a t i o n s  i n  p laner  dens i t y  t h a t  va r i ed  as much as 30% 
from t h e  average densi ty .  Unfortunately. a st ress- free specimen was n o t  a v a i l a b l e  f o r  comparison and it 
was n o t  poss ib le  t o  r e l a t e  t h e  p lanar  loop d i s t r i b u t i o n s  i n  t h e  st ressed specimen t o  d e t a i l s  o f  t h e  
s t ress  s ta te .  
exh ib i t ed  s i m i l a r  s i z e  d i s t r i b u t i o n s .  
were observed i n  t h e  examined volume bu t  t h e  swe l l i ng  was n o t  ca lcu la ted .  

On t h e  o the r  

Okamoto and Harkness6’ performed t h e  f i r s t  experiment o f  t h i s  t ype  using a creep tube construc ed from 

I n  agreement w i t h  t h e  r e s u l t s  o f  A t k l ns  and McElroy66 t h e  loops  on each close-packed plane 
Voids The loops had n o t  y e t  experienced s i g n i f i c a n t  i n te rac t i ons .  

Brager. Garner and t h e i r   coworker^^^-^^ conducted a s i m i l a r  se r i es  o f  s tud ies  on annealed 316 
s t a i n l e s s  s t e e l  I r r a d i a t e d  t o  -10 dpa a t  500’C i n  a f a s t  reactor ,  b u t  they preserved a record o f  t h e  
r e l a t i o n  between t h e  s t ress  s t a t e  and t h e  mic ros t ruc ture .  
examined a s t ress- f ree  t ube  i r r a d i a t e d  t o  10 dpa w i t h  another i r r a d i a t e d  a t  66 MPa. The l a t t e r  s t r e s s  
l e v e l  i s  r a t h e r  small  and i s  t h  ught  t o  be ba re l y  s u f f i c i e n t  t o  overcome t h e  e a r l y  i n t e r n a l  s t resses  
generated by carb ide  formation.g S i g n i f i c a n t  l e v e l s  o f  loop i n t e r a c t i o n  had occurred i n  bo th  specimens 
toward thE2end o f  t h e  i r r a d i a t i o n .  as evidenced by t h e  presence o f  a network d i s l o c a t i o n  dens i ty  of -0.7 
X 10 cm 
increased a t  t h e  h igher  s t r e s s  l eve l .  i n d i c a t i n g  an accelerated r a t e  o f  loop growth. 
dens i ty  o f  t h e  two specimens was comparable b u t  t h e r e  was a tendency toward increased loop dens i t y  on 
planes w i t h  h igher  resolved normal s t ress  l eve l s .  It was a l so  proposed t h a t  t h e  maximum loop s i z e  was 
d i c ta ted  by t h e  p r o b a b i l i t y  o f  loop i n t e r a c t i o n  w i t h  o the r  loops and f r e e  d is loca t ions .  

I n  t h e  f i r s t  subset o f  these experiments they 

and a re l a ted  reduc t ion  o f  loop dens i t y  on one plane i n  each specimen. The mean loop s i z e  
The t o t a l  loop 

Brager and Garner a l s o  i r r a d i a t e d  t o  13.5 dpa two o the r  annealed specimens a t  hoop s t ress  l e v e l s  of 
130 and 163 MPa. These exh ib i t ed  a c l e a r  increase i n  t o t a l  loop dens i t y  w i t h  app l ied  s t r e s s  as w e l l  as a 
c o r r e l a t i o n  between p lanar  loop d e n s i t i e s  and resolved normal s t ress  (See F igure  11). The network 
d i s l o c a t i o n  dens i t y  was several  t imes l a r g e r  than those observed a t  0 and 66 MPa and t h e r e  were 
i n d i c a t i o n s  o f  an increased l e v e l  of  loop and d i s l o c a t i o n  i n te rac t i on .  The loop s i z e  d i s t r i b u t i o n  i n  
these h igher  s t ress  specimens a l s o  appeared t o  be d i c t a t e d  by t h e  p r o b a b i l i t y  o f  loop i n t e r s e c t i o n  w i t h  
o the r  d i s l o c a t i o n  components. 

1.2.0 66,z.o 1 
2 

ODN - u N - o H ,  MNlm 

o the r  data a re  f o r  annealed tubes. 
a~ on t h e  loop plane niinus t h e  hyd ros ta t i c  s t ress  qH. 
h a l f  of t h e  hoop s t ress .  

The parameter ‘ J D ~  i s  defined as t h e  resolved normal s t ress  
For t h i s  specimen geanetry ‘JH i s  one- 
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I n  t h e  same i r r a d i a t i o n  series. Brager and Garner a l so  examined 20% cold-worked 316 i r r a d i a t e d  t o  -15 
dpa a t  0 and 321 MPa. t h e  l a t t e r  s t ress  l e v e l  comparable t o  t h a t  employed by Okamoto and Harkness. (See 
F igure  11 f o r  a compi la t ion  o f  data from both  annealed and cold-worked specimens.) 
i n t e r a c t i o n  of  Frank Loops w i t h  p re- ex is t ing  d i s l o c a t i o n s  was guaranteed a t  a l l  stages o f  t h e  evo lu t ion .  
The mean loop s i z e  d i d  n o t  change s i g n i f i c a n t l y  w i t h  s t ress  bu t  t h e  t o t a l  number dens i ty  increased, 
imp ly ing  t h a t  s t ress  increased t h e  number o f  i n t e r s t i t i a l s  a v a i l a b l e  f o r  format ion o f  loops. T h i s  i s  no t  
a v i o l a t i o n  of  t h e  law of conserva t ion  o f  mass b u t  i s  a r e f l e c t i o n  o f  t h e  f a c t  t h a t  i n t e r s t i t i a l s  were 
~ ~ b o r r o w e d * ~  from t h e  l e s s  compet i t i ve  ( lower b ias )  network d i s l oca t i ons .  
i n t e r s t i t i a l s  l o s t  by t h e  network i s  n o t  r e f l e c t e d  i n  t h e  micrograph used t o  analyze t h e  mic ros t ruc ture ,  
s i nce  a micrograph t e l l s  us o n l y  where a d i s l o c a t i o n  res ides  a t  t h e  moment t h e  "snapshot" i s  taken. 
does no t  t e l l  us from where a g iven d i s l o c a t i o n  has migrated o r  t h e  s t r a i n  produced as a r e s u l t  o f  t h e  
migrat ion.  

I n  t h i s  case 

The amount o f  borrowed 

It 

If t h e  borrowing o r  compet i t ion  proposal has any mer i t .  we should expect ths amount of  borrowing t o  
increase w i t h  bo th  s t r e s s  and t h e  network d i s l o c a t i o n  densi ty .  
of d i s l o c a t i o n  loops over c l imb o f  network d i s l o c a t i o n s  indeed increases as pred ic ted .  

As shown i n  F igu re  12, t h e  favored growth 
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Fig .  12. To ta l  loop area observed i n  several  s t a i n l e s s  s t e e l  specimens i r r a d i a t e d  a t  500'C i n  f as t  
r eac to r  t o  10-15 dpa. 

A t  t h i s  h i gh  s t ress  l e v e l  t h e  app l ied  s t r e s s  dominated over t h e  i n t e r n a l  s t resses and t h e r e  was a 
c l e a r  c o r r e l a t i o n  between p lanar  loop dens i t i es  and t h e  resolved normal st ress.  
densely populated plane were s i x  t imes t h a t  o f  t h e  lowest  dens i t y  plane. 
complete ly d i c t a t e d  by t h e  p r o b a b i l i t y  o f  loop i n t e r a c t i o n  w i t h  t h e  d i s l o c a t i o n  and loop network. Th i s  
7 a t t e r  conc lus lon  imp l ies  t h a t  loops a r e  forming throughout t h e  i r r a d i a t i o n ;  otherwise one would expect 
a l l  loops t o  have been destroyed r e l a t i v e l y  e a r l y  by i n t e r a c t i o n  events. espec ia l l y  i n  cold-worked 
mater ia ls .  Another re l a ted  conclusion i s  t h a t  loops  must grow ra the r  q u i c k l y  t o  s i zes  t h a t  a re  sub jec t  
t o  a h igh  p r o b a b i l i t y  of  i n t s r a c t i o n .  

The loops on t h e  most 
The s i z e  d i s t r i b u t i o n  was 

An important  add i t i ona l  i n s i g h t  from t h i s  and o the r  s tud ies  was t h a t  t h e  sa tu ra t i on  l e v e l  of network 
d i s l o c $ t i o n s  a t  s u f f i c i e n t l y  h i gh  exposure was independent o f  t h e  s t a r t i n g  d i s l o c a t i o n  dens i ty  and s t ress  
l eve l .  Th is  conc lus ion  has s ince  been expanded t o  spec i f y  t h a t  t h e  s a t u r a t i o n  dens i t y  i s  r e l a t i v  
independent of o the r  va r i ab les  such as i r r a d i a t i o n  temperature. displacement r a t  a hel ium l e v e l .  

y 74-75 

w%-79 

Models desc r i b i ng  t h i s  process r e q u i r e  t h e  continuous nuc lea t ion  o f  Frank loops. 74,% 

I n  a separate s e t  o f  s i m i l a r  experiments. D. S. Ge l les  examined t h e  m ic ros t ruc tu re  o f  creep 
constructed o f  Nimonic PE16 and Inconel  706 and i r r a d i a t e d  a t  0 and 176 MPa t o  10 dpa a t  550°C. 
These a r e  much more complex prec ip i ta t ion- s t rengthened a l l o y s  which a re  known t o  i nvc l ve  rad ia t i on-  
induced segregation, causing formation of -,, phase on bo th  d i s l o c a t i o n s  and loops. 
a l so  known t o  s lowly  s u f f e r  r e l a t i v e l y  l a r g e  prec ip i ta t ion- induced changes i n  dens i ty  du r i ns  i r r a d i a t i o n  
unless they  a re  s u f f i c i e n t l y  aged p r i o r  t o  i n s e r t i o n  i n  reac tor .  

resolved normal s t ress  was found, r e f l e c t i n g  t h e  presence of l a r g e  i n t e r n a l  s t resses  dur ing  t h e  
i r r a d i a t i o n .  I n  t h e  o ther  a l loys .  t he re  was a c l e a r  c o r r e l a t i o n  between p lanar  dens i t i es  and resclved 
normal s t ress .  When s t ress  was absent. t he re  was no o r i e n t a t i o n  dependence o f  these dens i t ies .  With t h e  
except ion of a few small  areas i n  t h e  process o f  ex tens ive  un fau l t i ng ,  network d i s l o c a t i o n s  ex i s ted  a t  
very low dens i t i es  i n  these specimens. 

These a l l o y s  a re  

I n  t h e  one case where such aging was no t  conducted. no c o r r e l a t i o n  between Frank loop dens i t y  and 
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Wi th in  t h e  accuracy of  t h e  measurements, t h e  t o t a l  number o f  loops i n  areas w i thout  s i g n i f i c a n t  
i n t e r a c t i o n  increased w i t h  s t ress  and t h e  s i z e  decreased correspondingly. w i t h  t h e  loop area remaining 
constant. The increase o f  loops  on favored planes was r e a l i z e d  a t  t h e  expense o f  loops  on unfavorably 
o r i en ted  planes. such t h a t  they were depressed i n  dens i t y  below t h a t  of  t h e  s t ress- f ree  specimen. 
i s  d i f f e r e n t  from t h e  case of  316 s t a i n l e s s  s tee l  where a l l  close-packed planes can increase i n  loop 
dens i ty  by borrowing i n t e r s t i t i a l s  from network d i s l oca t i ons .  

Th i s  

Gelles. Garner and Adam7’ int roduced one p a r t i c u l a r l y  s i g n i f i c a n t  f i n d i n g  no t  r e a l i z e d  i n  p rev ious  
studies.  
propagated i n t o  t h e  network d i s l o c a t i o n  dens i t y  bu t  i s  accentuated a t  each stage o f  t h e  evo lu t ion .  
demonstrated t h a t  t h e  f i r s t  and l a s t  o f  t h e  t h ree  evo lu t i ona ry  stages were dominated by t h e  SIPA 
mechanism of  i r r a d i a t i o n  creep, one i n v o l v i n g  Frank loops and one i n v o l v i n g  network d is loca t ions .  I n  
agreement w i t h  t h e  e l e c t r o n  s tud ies  o f  C a i l l a r d  and c o ~ o r k e r ~ ~ - ~ ~ ,  t h e  second stage ( u n f a u l t i n g )  was 
found no t  t o  be i s o t r o p i c a l l y  d i s t r i b u t e d  between t h e  t h r e e  poss ib le  1/2 <110> d i s l o c a t i o n  Burger vec tors  
t h a t  can o r i g i n a t e  from a 113 ~1111 loop. Even more important ly .  G e l l e ~ ’ ~  showed t h a t  subsequent 
i n t e r a c t i o n s  between network d i s l o c a t i o n s  and Frank loops must obey c e r t a i n  c r y s t a l l o g r a p h i c  c o n s t r a i n t s  
t h a t  a re  a t y p i c a l  o f  a u t o c a t a l y t i c  un fau l t ing .  
creep a re  q u i t e  s i g n i f i c a n t .  
p e r f e c t  d i s l o c a t i o n s  and any two d i s l o c a t i o n  vec tors  can u n f a u l t  a l l  loops. Second. t h e  I n t e r a c t i o n  
proceeds i n  a manner t h a t  produces more l i n e  l eng th  o f  t h e  impinging network d i s l o c a t i o n  as shown i n  
F igures  13 and 14. Thus. t h e  f i r s t  loop t h a t  un fau l t s  tends t o  produce a s lowly  evo lv ing  cascade of  
un fau l t i ng  events producing d i s l o c a t i o n s  a l l  of  t h e  same type. 
h i g h l y  an i so t rop i c  d i s l o c a t i o n  m ic ros t ruc tu re  uniquely su i t ed  t o  move mass i n  t h e  d i r e c t i o n  cons i s ten t  
w i t h  r e l a x a t i o n  of  t h e  app l ied  s t ress .  
d i s l o c a t i o n  dens i t y  of Nimonic PEl6 cou ld  ran  e from -10 t o  -40. when comparing t h e  dens i t i es  of t h e  
h ighes t  and lowest  populated Burgers vectors.q6 Unpublished s tud ies  by Gel l e s  of  annealed 316 s t a i n l e s s  
s t e e l  i r r a d i a t e d  a t  650’ t o  40 dpa found v a r i a t i o n s  i n  dens i t y  on t h e  order  o f  4 t o  5. 

They showed t h a t  t h e  an iso t ropy  induced i n  t h e  Frank loop popu la t ion  by s t ress  i s  n o t  on l y  
They 

The consequences o f  these c o n s t r a i n t s  on i r r a d i a t i o n  
F i r s t .  a g iven Frank loop can be un fau l t ed  by o n l y  h a l f  of  t h e  poss ib le  

I n  e f fec t .  t h e  app l ied  s t r e s s  produces a 

Ge l l es  demonstrated t h a t  t h e  r e s u l t i n g  an i so t rop ies  i n  

Th is  h i g h l y  an i so t rop i c  network has another consequence. however. i n  t h a t  it is uniquely su i t ed  t o  
u n f a u l t  t h e  very loops  from which i t  i s  born. Thus, one would expect a t  very h i g h  exposure t h a t  t h e  most 
favorably o r i en ted  loops  would be destroyed a t  h igher  rates. ba lanc ing  sanewhat t h e i r  h igher  p roduc t i on  
ra te .  Th i s  s i t u a t i o n  would tend t o  supp ss t h e  m ic ros t ruc tu ra l  record expressed i n  t h e  loop popu la t i on  
as it cou ld  be captured i n  a micrograph. 58 
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Fig .  13. 

and stressed (207 MPa) specimens of 20% cold-worked 316 s t a i n l e s s  s tee l  a t  475‘C and 46 dpa.{l I n  
another unpublished study. Ge l les  examined annealed 316 s t a i n l e s s  s t e e l  i r r a d i a t e d  t o  40 dpa a t  450’C i n  
bo th  t h e  s t ress- f ree  and 138 MPa hoop s t r e s s  cond i t ions .  
m ic ros t ruc tu ra l  record of  t h e  s t ress  s t a t e  was v i s i b l e  bu t  reduced i n  s t reng th  a t  t h i s  h i gh  f luence 
l e v e l .  It was a l s o  concluded t h a t  loop nuc lea t ion  cont inues a t  h i gh  f luence l e v e l s  a l though t h e  t o t a l  
loop dens i t y  dec l i nes  by a f ac to r  of  two t o  t h ree  compared t o  t h a t  observed a t  lower exposures. 
compl ica t ion  i n  i n t e r p r e t i n g  these two s tud ies  was t h a t  each invo lved s i g n i f i c a n t  l e v e l s  of v o i d  
swel l ing.  T h i s  
suggests t h a t  t h e  s t ress  s t a t e  inc luded l a r g e  c o n t r i b u t i o n s  a r i s i n g  from incompa tab i l i t y  s t ra i ns .  

The Frank loop u n f a u l t i n g  mechanism proposed by G e l l e ~ . ~ ~  

Gelles. Garner and Brager demonstrated t h i s  p o s s i b i l i t y  by examining t h e  m ic ros t ruc tu re  o s t ress- f ree  

I n  bo th  of  these studies. it was found t h a t  t h e  

Another 

The swe l l i ng  was c l e a r l y  enhanced by s t r e s s  and was heterogeniously d i s t r i b u t e d .  
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Fig. 14. Micrograph showing three Frank i n t e r s t i t i a l  loops designated by l e t t e r s  A, 6. C i n  neutron- 
i r rad ia ted  Nimonlc PE16 being unfaulted by perfect dls locat ions. Voids are also v i s ib le .  

It i s  important t o  note t h a t  the creep processes invo lv ing loops are probably no t  suppressed a t  high 
fluence; only our a b i l i t y  t o  capture a record of t he  competing processes i s  impaired since micrographs do 
not ind icate t he  speed of migrat ion o r  t he  l i f e t ime  of ind iv idual  d is locat ion components. We a lso cannot 
measure i n  a micrograph the time-dependent components o f  t he  stress s t a t e  a r i s ing  from in terna l  sources. 

Another pa r t i cu l a r l y  s i gn i f i can t  conclusion was advanced by G e l l e ~ . ~ ~  who noted t h a t  t he  perfect 
d is locat ion network i n  Nimonic PE16 was pure edge i n  character. bu t  l a y  on (001) planes. probably as a 
consequence of t h e i r  7' coating. 
creep must be the con t r o l l i ng  creep mechanism. 

One further consequence of network anisotropy would be t he  influence exerted on further i r rad ia t ion-  
induced s t r a i n  i f  t he  stress was t o  be removed. 
i r rad ia ted  f i r s t  under stress and then without stress tend t o  "coast" i n  t he  d i rec t ion  required by t he  
anisotropy. The ensuing s t r a i n  i s  not due t o  creep since the stress has been removed and i s  no t  due t o  
swelling. s ince it was confirmed by density change measurments t h a t  swel l ing had not ye t  started. I n  
effect. t h i s  i s  a forw of rad ia t ion growth and w i l l  continue u n t i l  a d is locat ion microstructure evolves 
t h a t  i s  compatible wi th  t he  new stress state. 
t o  increase monotonically w i th  stress, 
w i th  stress level .  

Therefore. d is locat ion g l i d e  on (111) planes i s  neg l ig ib le  and SIPA 

Figure 15 shows t h a t  316 s ta in less creep tubes 

Since the anisotropy of loops and d is locat ions i s  expected 
it i s  not surpr is ing t h a t  growth i s  also observed t o  increase 



LiOnrlnUea alamerral St ra in  o t  two groups of ZOX Cold-worked 316 pressurized tubes a f te r  
depressurization and r e i  adiation. Each group was f i r s t  i r rad ia ted  t o  a given fluence o f  
e i t he r  0 
0.8 X lo2’-, cm-’. The resu l tant  radiation- induced growth was observed a t  both 430 and 475’C. 

1 o r  .5 X 10% cm-’ (E>0.1 MeV). then depressurized and re i r rad ia ted for  another 

0 

is no doubt a t  t h i s  po in t  t h a t  stress indeed imprints records of i t s  presence on t he  
c ture o f  i r rad ia ted  metals. 
ed i n  micrographs. For instance. it is impossible t o  capture g l i de  events i n  a micrograph o r  
which ra tes o f  growth. in tersect ion o r  migrat ion are important. 

on5 f o r  s i tua t ions  o f  t h i s  type. 

put together t he  evidence from t he  various types of experimental studies it is possible t o  
a ra ther  deta i led scenario describing the stress-affected and very dynamic microstructural  
o f  i r rad ia ted  metals and then use t h i s  scenario f o r  theoret ica l  modeling studies o f  i r r ad i a t i on  

h i s  evolut ion i s  considerably more complicated than envisioned i n  most theoret ica l  studies. 
The complexity i s  la rge ly  associated w i th  t he  t rans ien t  nature of ind iv idual  components and t he  

ve nature o f  a l l  components. Such in teract ions no t  only par t i c ipa te  pos i t i ve l y  i n  t he  evolut ion 
twork formation) but a lso lead t o  negative feedback effects ( loss  of loop record a t  high 
1. The in teract ions are re la ted not only t o  d i r e c t  physical impingement o f  components. however. 
oint. we have considered loop nucleation t o  respond t o  applied stresses only. 

loops. d is locat ions and other components. The s t r a i n  f i e l d  perturbat ions o f  these are 
sed on t he  applied s t ress f i e l d  and exer t  feedback onto fu r the r  nucleat ion and growth. Adams 
shown t h a t  addi t ional  feedback processes ex i s t  when one conside s t he  incompat ib i l i ty  s t ra ins  
lop i n  po lyc rys ta l l i ne  mater ials as a r esu l t  o f  loop formation.80 It should a lso be recognized 

dis locat ion components. 
!Jislocations and loops from which t o  borrow. 

These records are sometimes t rans ien t  i n  nature and cannot always 

One nwst use dynamic 

I n  r e a l i t y  
nucleation of a l l  bu t  t he  f i r s t  loops takes place i n  the presence of an environment o f  pre- 

creep processes operate by borrowing i n t e r s t i t i a l s  from less  competit ive o r  unfavorably 

This must exer t  some feedback on t he  creep 
I n  a high ly  anisotropic microstructure there are very few unfavorably 

ese reasons, t he  easiest microstructural  records t o  i n t e rp re t  necessari ly involve t he  simplest 
:tures. those produced mostly a t  low i r r ad i a t i on  exposures. Records developed i n  more complex 
ctures are also useful. but one must avoid t he  tendency t o  make s imp l i s t i c  statements about 
:tures containing corrplex and in te rac t i ve  components. One cannot say, f o r  instance. t h a t  the 
anism would promote an increase i n  mean loop s ize and t he  absence o f  such an increase precludes 
R of SIPA. pa r t i cu l a r l y  if unfault ing and otheract ive effects 
aper are involved. 

o f  t he  types demonstrated 
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To t h i s  point .  we have n o t  mentioned any obse rva t i pn j  o f  vacancy loops  al though t h e i r  presence i s  
Often pos tu la ted  i n  var ious  i r r a d i a t i o n  creep models. ' I n  fact .  these r e  n o t  usua l l y  observed i n  
StaInleSS s t e e l s  a t  swel l  ing- re levant  temperatures. Wolfer and Si-Ahmed" have shown t h a t  t h e r e  e x i s t s  a 
b i a s  d i f fe rence between an i n t e r s t i t i a l  and vacancy-type loop such t h a t  bo th  can coexist .  p rov id i ng  no 
o the r  abundant s i nk  e x i s t s  whose capture  r a t i o  Zi/Zv i s  l e s s  than t h a t  o f  a vacancy loop. 
cond i t i ons  a r e  expected t o  occur i n  metals w i t h  ve r  
t h e  onset of vo id  nucleat ion.  
s u r p r i s i n g  t h a t  vacancy loops  were absent. 
r e s t r i c t i v e  mic ros t ruc-  t u r a l  cond i t i ons  were met and vacancy loops  were observed, however. 

Such 

Reca l l i ng  t h e  micros!ructures presented i n  t h l s  paper, it i s  n o t  
low dens i t f es  o f  network d i s l o c a t i o n s  and p r i o r  t o  

Reference 81  conta ins  a l i s t  o f  s tud ies  where such 

A t  f i r s t  glance. t h e  s t rong response of  Frank loops t o  app l ied  s t r e s s  appears t o  support  a creep 
mechanism i n v o l v i n g  stress- induced l o o  a l i  nment o r  stress- induced changes i n  loop nuc lea t i on  ra tes  v i a  
a decrease i n  t h e  a c t i v a t i o n  b a r r i e r .  6g-64*i2-87 Th is  mechanism i s  sanetimes designated as s t ress-  
induced r e n a nuc lea t ion  (SIPN). A number of  researchers have expla ined t h e i r  data based on such 

Garner. Wolfer and Brager7O showed. however, t h a t  no r e a l  nuc lea t i on  b a r r i e r  e x i s t s  beyond t h e  d i -  
i n t e r s t i t i a l  stage. The b ind ing  energy of t h e  d i - i n t e r s t i t i a l  I s  thought  t o  be on t h e  order  o f  1 eV, a 
t he re  i s  a correspondingly low p r o b a b i l i t y  of spontaneous d issoc ia t ion .  To meet t h i s  ob jec t ion .  Wol fer  
developed a rev ised model which considered t h e  stress- induced r o t a t i o n  of  t h e  t r i - i n t e r s t i t i a l  c l u s t e r s  
which serve as embryonic loops. 
was i nsudd i c i en t  i n  i t s e l f  t o  exp la in  t h e  data of  Okamoto and Harkness68 o r  t h a t  o f  Brager. Garner and 
Guthr ie.  

Garner and  coworker^^^*^^ as w e l l  as Wol fer73 noted t h a t  a SIPA-type (Stress- Induced P re fe ren t i a l  
Absorpt ion)  mechanism was capable of  desc r i b i ng  t h e  l a r g e  response o f  p lanar  loop dens i t i es  t o  resolved 
s t ress .  
l e s s  t ime  a t  very small  s izes  where random f l uc tua t i ons  i n  vacancy a r r i v a l  r a t e  might  lead t o  t h e i r  
des t ruc t ion .  I n  ef fect ,  t h e  SIPA mechanism enhanced t h e  s u r v i v a b i l i t y  of loops  on favorab ly  o r i en ted  
planes. 
normal component of  t h e  d e v i a t o r i c  s t ress  tensor  f o r  t h e  p lane of  i n te res t .  

= a - a where i s  t h e  normal s t ress  on t h e  p lane and uH i s  t h e  hyd ros ta t i c  s t ress .  Since t h e  
y%!ter !s in jependent  o f  t h e  i d e n t i t y  o r  o r i e n t a t i o n  of  t h e  plane, t h e  c o r r e l a t i o n  between p lanar  loop 
dens i t y  and normal s t ress  i s  preserved, bu t  0 can be negat ive f o r  unfavorably o r i en ted  planes. Th i s  
causes a depression o f  loop dens i ty  CT unfavopybly o r i en ted  planes r e l a t i v e  t o  t h a t  of favorab ly  o r i en ted  
planes. 

70 
One f requen t l y  overlooked aspect of  t h i s  model i s  t h a t  t h e  r e l a t i v e  enhancement or suppression of 

growth r a t e s  was shown t o  peak as a f unc t i on  of  loop rad ius  and approaches zero a t  l a r g e r  loop sizes. 
Th i s  means t h a t  favorab ly  o r i en ted  loops w i l l  reach a s i z e  where s t r e s s  no longer  a f f e c t s  t h e i r  growth. 
a l l ow ing  unfavorably o r i en ted  loops t o  even tua l l y  approach t h e  same s ize.  When added t o  t h e  va r i ous  
feedback and i n t e r a c t i o n  mechanisms discussed e a r l i e r .  t h i s  may exp la in  t h e  sometimes observed 
independence o f  loop s i z e  on p lanar  o r i en ta t i on ,  t h e  absence o f  which i s  o f ten  used t o  d ismiss t h e  SIPA 
mechanisni i n  preference t o  t h e  SIPN mechanism. 

The most conv inc ing  d i r e c t  evidence f o r  t h e  S I P A  mechanism i s  t h e  data shown i n  F igu re  10 where t h e  
growth rnte of loops  was found t o  increase w i t h  resolved normal s t ress .  The data i n  F igures  11 and 12 
a re  a l s o  h i g h l y  suppor t i ve  of t h e  proposal t h a t  SIPA inf luences s t rong l y  t h e  growth r a t a  of Frank loops. 
These data and t h e  o the r  data noted above do n o t  preclude t h e  ope ra t i on  of  t h e  SIPN mechanlsm. however. 
The s t rongest  conc lus ion  t h a t  can be made i s  t h a t  t h e  e f fec t  of  SIPA on loops  i s  probably more important  
than t h a t  o f  SIPN. 

One o f  t h e  nlajor problems w i t h  e a r l i e r  SIPA models was t h a t  they were n o t  l a r g e  enough when coupled 
w i th  observed m ic ros t ruc tu ra l  d e n s i t i e s  t o  account f o r  nmasured macroscopic s t r a i n  r a t e s  w i t hou t  invok ing  
o the r  creep mechanisms such as g l i de .  P a r t  of t h i s  problem was resolved when it was r e a l i z e d  t h a t  an 
app l i ed  s t r e s s  cou ld  modify t h e  point- defect  d i f f u s i o n  i n  t h e  c r ys ta l ,  p a r t i c u l a r l y  t h e  a n i s ~ t r o p y . ~ ~ - ~  
Th l s  leads  t o  several  SIPA-type e f f ec t s .  which a re  caused by t h e  stress- induced an iso t ropy  o f  t h  p o i n t -  
de fec t  d i f f u s i v i t y .  The most in ipor tant  of  these i s  a f i r s t  o rder  e f f e c t  due t o  e las t cd i f f us ion r8 '  an 
eatarnal stress- induced anisotropy of t h e  d i f f u s i v i t y ,  as compared t o  t h e  o thers  which a re  second 
ord%[-JY nature. and which a re  due t o  t h e  lpcal an iso t ropy  i n v o l v i n g  t h e  d i s l o c a t i o n- s t r a i n  f i e l d .  
woo has provided an e x c e l l e n t  d e s c r i p t i o n  of  t h e  poss ib le  mechanisms capable of  producing a SIPA- 
type  effect, i n c l u d i n g  t h e  e las tod i f f us ion  SIPA o r  f i r s t  o rder  SIPA. sometimes designated as SIPA-AD 
where AD r e f e r s  t o  an i so t rop i c  d i f fus ion .  

models. 59.%6-62.k6.69 

9fi 
He showed, however. t h a t  under t h e  most optimum cond i t ions ,  t h i s  e f f e c t  

The enhanced growth r a t e  of  loops  on favored planes was v i sua l i zed  t o  enable such loops  t o  spend 

As shown i n  F igu re  11, t h e  loop b i a s  can be re la ted  t o  t h e  SIPA-relevant parameter uON, t h e  
Th i s  parameter i s  defined as 

The data  presented i n  t h i s  paper cannot be used t o  d i s t i n g u i s h  between t h e  d i f f e r e n t  poss ib le  SIPA 
mechanisms, b u t  t h e  authors of a recent  study i n v o l v i n g  t h e  ana l ys i s  of macr.oscopic creep s r a i n s  have 
invoked t h e  e las to- d i f fus ion  SIPA-AD mechanism as being cons i s ten t  w i t h  t h e i r  observations. $6 

It i s  f e l t  t h a t  reasonably s t rong  m ic ros t ruc tu ra l  evidence has been presented I n  t h i s  paper t o  support  
t h e  opera t ion  of sorie SIPA-type mechanism n o t  on l y  f o r  loops  b u t  a l s o  f o r  d i s l o c a t i o n  segments. 
considered p a r t i c u l a r l y  s i g n i f i c a n t  t h a t  models used t o  descri,e t h e  maintenance o f  network d i s l o c a t i o n s  

It i s  
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a t  sa tu ra t i on  invoke a SIPA-type process opera t ing  on loops t o  cont inuous ly  generate t h e  new and 
an i so t rop i c  l i n e  length.  
processes c o n t r o l l i n g  t h e  r o l e  played by g l i d e  mechanism. 

It i s  thought  t h a t  these d i s l o c a t i o n s  cou ld  then migra te  w i t h  SIPA-type 

It a l so  appears t h a t  s t ress- ass is ted  p r e f e r e n t i a l  un fau l t i ng  mechanisms a re  c e r t a i n l y  opera t ing  a t  t h e  
same t ime. 
mkrOStrUCtUres i s  t h a t  stress- induced “growth“ can occur when t h e  s t ress  i s  removed. SIPA-induced 
growth (SIG) was pred ic ted  and analyzed i n  a t h e o r e t i c a l  paper by Woo.” 

I n  addi t ion.  it has been demonstrated c l e a r l y  t h a t  one consequence of  an i so t rop i c  

Sometimes t h e  anisotropy o f  d i s l o c a t i o n  m ic ros t ruc tu re  induced by @ p l i e d  s t ress  must f i r s t  overcorre a 
p re- ex i s t i ng  anisotropy of  another type. Bates. Cummings and G i l b e r t  showed t h a t  radiat ion- induced 
growth orcur red  i n  316 s t a i n l e s s  s tee l  tubes i n  t h e  aka&=e of  s t ress .  The d i s l o c a t i o n  and g r a i n  t e x t u r e  
developed dur ing  tube product ion  was such t h a t  t h e  f r a c t i o n a l  l eng th  change was greater  than one- th i rd  of 
t h e  f r a c t i o n a l  volume change, which i n  t u r n  was always greater  than t h e  f r a c t i o n a l  diameter change. 
i n d i c a t i n g  radiat ion- induced growth i n  t h e  a x i a l  d i r e c t i o n  of  t h e  tube. 
w i t h  inc reas ing  r a d i a t i o n  exposure and t o  be nzuch more pronounced i n  t h e  20% cold-worked c o n d i t i o n  
compared t o  t h a t  of  t h e  annealed cond i t i on .  
i r r a d i a t i o n  cond i t i ons  dec l ined as t h e  app l ied  s t ress  l e v e l  increased, i n d i c a t i n s  t h a t  t h e  stress- induced 
anisotropy was supp lan t ing  t h e  anisotropy int roduced i n  t h e  tube forming process. 

Growth was found t o  increase 

Even more important ly ,  t h e  a x i a l  growth a t  a g iven s e t  of  

Two o the r  creep- related observat ions r e s i s t  easy descr ip t ion ,  however. F i r s t .  although evidence was 
presented f o r  enhanced d i s l o c a t i o n  f l uxes  occur r ing  co inc iden t  w i t h  t h e  onset o f  vo id  swel l ing.  t h e  
m ic ros t ruc tu ra l  mechanism i s  n o t  complete ly obvious. 

There a re  several  types of  models based on t h e  I- creep model o f  G i t t us ”  t h a t  p r e d i c t  a creep r a t e  

The most r e l evan t  of  these 
component p ropo r t i ona l  t o  t h e  swe l l i ng  ra te .  
f o r  vacancies, producing an excess f l u x  of i n t e r s t i t 6 4 1 3  t y  f l iT&zat ions .  
models use t h e  c l i m b  r a t e  produced by SIPA processes 

- 
A l l  o f  these models env i s i on  vo ids  t o  serve as r e p o s i t o r i e s  

’ ’’ t o  c o n t r o l  t h e  r a t e  o f  g l i de .  

I f  we us t h e  e s t  c u r r e n t  va lue  o f  creep compliance o f  a u s t e n i t i c  s t e e l s  i n  t h e  absense of  s t  5 5  ( B o  
8 swelling-enhanced creep Us, where D D 10- MPa 14*@ and 
t h e  steady- state swe l l i ng  r a t e  Smax = l%/dpal”, we c a l c u l a t e  t h a t  t h e  d i s l o c a t i o n  f l u x  associated w i t h  
steady- state swe l l i ng  n,ust be two orders of  magnitude l a r g e r  than t h a t  preceding t h e  onset of swe l l ing .  
Perhaps t h i s  very l a r g e  enhancement represents p r i m a r i l y  t h e  d i f f e r e n c e  i n  m o b i l i t y  between loop-  
dominated and f u l l y  an i so t rop i c  d i s l o c a t i o n  network m ic ros t ruc tu res  i n  annealed s tee l s .  
d i f fe rence seems t o  be t o o  l a r g e  when comparing t h e  creep of  cold-worked m a t e r i a l s  be fo re  and a f t e r  t h e  
onset  o f  swe l l ing .  

i n v o l v i n g  e i t h e r  t h e  a l t e r a t i o n  of  s i nk  strengths?’ o r  changes i n  m a t r i x  c o m p o s i t i ~ n . ~ ~ ~ ~ ~ ~ ~  Garner and 
Wolfer  have advanced a model which at tempts t o  exp la in  how t h e  network and loop d e n s i t i e s  can be 
r e l a t i v e l y  i n s e n s i t i v e  t o  i r rad ia t ion- induced changes i n  Y g r i x  chemistry w h i l e  t h e  creep r a t e  can be 
changed s u b s t a n t i a l l y  v i a  changes i n  vacancy d i f f u s i v i t y .  
captured i n  a snapshot micrograph i s  s e l e c t i v e  i n  t h e  va r i ab les  t o  which i t  responds. p r i m a r i l y  because 
it cannot measure d i s l o c a t i o n  and loop f luxes.  

The second observa t ion  f o r  which t h e r e  i s  no c u r r e n t  exp lanat ion  i s  t h e  apparent d i s a  pearance of  

MPa- 7 dpa -P ) and t h e  c o n t r i b u t i o n  due 

However, t h e  

Perhaps some p o r t i o n  of  t h e  cause of  swe l l ing-  hanced creep l i e s  i n  segregat ion- related arguments 

It appears t h a t  t h e  creep record as 

106-108 The lead ing  i r r a d i a t i o n  creep a t  temperatures above -500’C when vo id  swe l l i ng  approaches -10%. 
candidate mechanism i s  thought  t o  i nvo l ve  t h e  generat ion o f  h i g h l y  an i so t rop i c  d i s l o c a t i o n  and loop 
mic ros t ruc ture ,  bu t  more research i s  necessary t o  con f i rm  such a proposal. 

CONCLUSIONS 

It has been shown t h a t  bo th  in te rna l l y- genera ted  and app l ied  st resses indeed i m p r i n t  on rad ia t i on-  
induced m ic ros t ruc tu res  a record of  t h e i r  presence as we l l  as a record o f  t h e  opera t ion  o f  a v a r i e t y  of  
proposed i r r a d i a t i o n  creep mechanisms. 
of  t h e  n t i c ros t ruc tu ra l  response, p a r t i c u l a r l y  i n  i t s  i n t e r a c t i v e  and feedback aspects. 
t h e  SPA- type mechanism has been shown t o  leave t h e  s t rongest  record. and when a c t i n g  w i t h  o the r  
mechanisms t o  produce a m ic ros t ruc tu re  t h a t  i s  h i g h l y  an i so t rop i c  i n  i t s  d i s t r i b u t i o n  o f  Burgers vectors. 

I n t e r p r e t a t i o n  of these records i s  complicated by t h e  complexi ty  
I n  p a r t i c u l a r ,  
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FUTURE WORK 

Th is  f i r s t  stage e f for t  on microscopic data i s  complete. 
ana lys is  o f  macroscopic creep data f o r  both f e r r i t i c  and aus ten i t i c  s t e e l s  t h a t  may be employed i n  fus ion 
devices. 

The next stage invo lves t h e  c o l l e c t i o n  and 
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DETAILED DERIVATION OF STOCHASTIC THEORY OF DIFFUSIONAL PLANAR ATOMIC CLUSTERING - 
N. M. Ghoniem (University of California, L a  Angeles) 

OBJECTIVE 

The objective of this work is to develop a general atochaatic theory for agglomeration of interstitial loop in 
irradiated materiala, and to apply thia theory to the determination of the loop biss factor. 

SUMMARY 

Atomic clustering into circular planar diaka ia an important p- responsible for interstitial loop formation in 
the bulk of irradiated materials, and the evolution of atomic planes during thin film growth. In this report, we develop 
a general stochastic theory for the formstion of planar atomic duskm by atomic dilfusion. Equation. for the rates 
of change of atomic species, and for the nucleation rate of atomic clusten are iimultaneously solved with appropriate 
equations for the average sins and various momenta of the distribution function. An application of the theory is given 
by comparing the multa of cdculatious with experimental data on interstitial loop formation in ion-irradiated nickel. 

PROGRESS AND STATUS 

1. Introduction and background 

Atomic clustering in mlida which are in nou-equilibrium thermodynamic conditions have been described by rate 
equations, in analogy to formulations used in chemical kinetics, as far back IYI the early 19508. The work of Damask 
and Dienes' is an example of early theoretical modela of atomic clustering. Their approach, which is an extension of 
Chandrasekhar's theory of colloid coagulation,' haa been sueeessful in explaining various eapecta of defect annealing. 
Theoretical efiorta have then been concerned with either the nucleation phase of clustering?-' or the growth 
Only recently have theories heen advanced to treat nucleation and growth of atomic clusters ea inseparable parts of 
an evolution process. 

Early efforts in this area have inwtigated atomic clustering pro- using systems of non-linear ordinary differen- 
tial equations. Thege systems represent consenation equations of hierarchies of atomic clusters of increasing 
Theoretical implications of system boundedness, global conservation, and boundary and initial conditions were largely 
unexplored. Solution of the ensuing system of clustering equations is analytically not possible, and mathematical and 
numerical approximations are therefore neeepwy. For example, grouping methods, where a group of equations are 
assigned the same reaction rate, have been introduced by Kiritani" and Hayns." Solution of a large system with 
global atomic conservation to determine the necessary number of equations has been developed by Ghoniem." It is 
shown in this work that additional equations must be included as function of time, and that the number of equations 
for an accurate solution can be prohibitively large. In the study of multistate kinetic transitions, the hierarchy of 
master equations (or rate equations) can be trandormed to an equivalent parabolic partial-differential equation." The 
resulting continuum equation ia of the Fokker-Plan& (F-P) type, and it describes a process of particle diffusion in a 
general drift field. This approach wlyl used to model vacancy and interstitial atom clustering by Sprague, Russell and 
Choi,'O Wolfer, Mansur and Sprague,'l and ala0 by Hall?s The mathematical properties of the continuum equation 
have led to some controversy over the validity of the representation for small-size clusters. The truncation of the 
Taylor series at the second derivative may be invalid for Az/z 0(1) and A K / K  E 0(1), where z is the cluster size 
and K is a generic rate constant. Therefore, a hybrid method was successfully developed by Ghoniem and Sharafat.P 
In this method, the detaila of mall-sise clustering are conserved by rate equations, and the behavior of large-size 
clusters is described by the F-P equation. The hybrid method waa also diseuased for helium effects on nucleation by 
Trinkaus and UUmaier." 

Approximate solutions for the distribution function of a kinetic system, obtained by replacing the master equation 
by a parabolic partisl-differential equation in the distribution function itself, is rooted in statistical physics. Rayleigh," 
and mmewhat later Einstein," were the first to use this khnique.  The procedure wea then developed in greater 
generality by Fokker" and Plan&.m 

Problems with the mathematical approximation to the discrete master equation are well known in the statistical 
mechanics Kramen'O and Moyalm observed that it would be wrong to mume that a d i d  next 
approximation to the F-P equation a n  be formed by truncating the higher order terms in the Taylor series expansion. 
Van Kampensl and Gurol" have studied the problem of correcting the F-P approximation using the system size- 
expansion method. The second approximation in the expansion yielda the F-P equation, while successive corrections 
add to the coefficients in the F-P equation in addition to adding higher derivative terms. The F-P equation becomes 
an exact equivalent to the master equation only if the transition probabilities are Gaussian." 

The approach followed thus far for analyzing miurntruetun evolution is bassd on a deterministic causal description 
provided by rate theory conservation equations. However the existence of a large number of interacting entities, on the 
order of l@" atoms in a typical engineering solid, implies that the degrees of freedom of the syntem are much larger 
than what can be representad by rate equations. Such a situation naturally le& to fluctuations around a reference 
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state. The exintence of t h e  fluctuations can be important in two respects. Fmt ,  fluctuations around a critical atate 
can determine the extent of nueleatim of embryonic dusters. Second, as the clustering system evolves, Euctuations 
detennine the dispersion or spread around the average ntate. 

Recent efforta by Gurol," Clement and Wood," ltinkaus:' and by Kitajima and mworkerssbsP have considered 
an interpretation to atomic clustering within the framework of statistical mechanics. In this regard, the conventional 
rate equations describing concentrations of various cluster sizes are replaced hy probability density equations. Invok- 
ing the assumptions of a Markovian-Gaussian process for the transition probabilities, it can he shown that the F-P 
equation is a valid repmutation of the probability density function. Kitajimas has in fact used this procedure, which 
wan established within the past 20 years for other probluna involving f l u c t u a t i ~ n a . ' ~ ~ ~  In thin report, we develop and 
solve equations representing the evdution of the probability density of planar stamie clusters. We consider atomic 
agglomeration in tw*dimensional (ZD) planar disks as a result of singlratom diIfusional transport. Once agglomer- 
ation starts, the atomic cluster is considered to be immobile. The d-iption is an extension of the author's earlier 
hybrid method,'s where &rete master equations can accurately describe the tr-ient nudeation process, and an 
F-P equation is used to represent larger sires. Instead of the conventional Taylor series expansion," we present a 
description of Euctuations within the framework of statistkal mecbanics.'Q~sQ In this approach, it is pmaible to indude 
the collisional and diflusional effects of cascades. Chou and Ghoniema*" have studied both effects using the Monte 
Carlo (MC) method, and reasonable estimates of the influence of cascadeinduced Euctuations are calculated. Section 
2 is devoted to development of master and F-P equations dencrihing system evdution. This is followed in Sec. 3 by 
a derivation of a coupled set of equations for the moments of the system diatributim function. The method is then 
applied in Sec. 4 to the results of experiments on the evdution of interstitial loop during irradiation with heavy ions. 
Limitations of the method are finally diecussed in Sec. 5. 

2. Nucleation and Fokker-Planck equations 

We focus here on the development of interstitial loop for several -ns. (1) Nucleation of loop is a very fast 
praesa and the critical cluster si= is on the order of two to th- interstitial atoms;" (2) A 1-D F-P equation L 
sufficient for the deseription of evolution, which allows for tractable p-tati- of analytical aoluti-; (3) Well 
quantified experimental measurements exist" where the preaant theory can he d to teat the effecta of various 
approximations. 

The evolution of interstitial atom clusters starts with conventional rate equations for the conservation of radiation- 
produced point defects: vacancies and interstitial a tom.  The concentrations of vacancies, C., and interstitiah Ci, 
are given by." 

(2) _ -  dci - tP + KU(Z)CeCzi + 26Czi - Ki(l)C? - d S C i  - Ki(2)CiCzi - AiCi , 
dt 

where Pis the production rate of point defecta, cis the fraction of point defects surviving instantaneous recombination 
within the cascade, (I is their suhequent mutual recombination rate, K:(z) is a general reaction rate between a mobile 
specie (a) and an immobile specie (b) containing z atoms, and 6 is the di-interstitial d k i a t i o n  rate. The parameters 
A i  and A" represent effective Iwa rates to homogenous microstructural sinks, and are given by: 

and 

where D.,i are difiaion coefficients, ed are sink strength of type j as in conventional rate theory,' and Ci(z) is the 
concentration of interstitial loop containing L atoms. The h t  summation is over all oink types and the second is 
carried over the loop distribution function up to a maximum size X .  Details of expressions for the various reaction 
rates have been previously ~ e p o r t e d , l ~ ~ ~ t ~ '  and will not he repeated here. It is to be noted here that trapping of 
self-interstitial a t o m  can he readily included by a modifieatim of the interstitial diffusion coefficient,"," where a 
trap binding energy is introduced. 

The formation of di-interstitial atomic dusters can also be adequately described by the homogeneous rate theory," 
which results in the follwing equation: 

(5) 
dcii - - - Ki(l)C: - Ki(2)CiC~i - 6Cxi - AiiCii - ZKzi(2)C;i , 

where the di-interstitial cluster wss also assumed to be mobile. The absorption rate mustant at sinks, hi, is given by 
an exprewion similar to G. (4). 

dt 
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The clustering of large-sise interstitial I m p  can, in principle, be described by ao expanded net of master equations. 
However, it wan shown previously by several authors13-18 that if the &-interstitial binding energy is large (2 1 eV), 
the backward reaction rates b m m e  very small. W e  will use this idea to simplify the clustering problem by single 
atomic step.  First F,q. (5) is written as: 

(6) 
dCai 
dt Ji - Ji , -= 

where 31 is a current representing the net rate of transformation of single interstitial a t o m  to a di-interstitial cluster, 
and .I, is for the net rate of transformation to tri- or tetr-clusters, Le., 

J1 = Ki(l)C,? - 6Cii - A&ii , (7) 

The rate constants 6 and Xi: are not strongly dependent on 2, and Fq. (6) can be replaced by an equivalent equation 
dencribin= di-atomic cluster nucleation: 

In F.q. (Q), the concentration of critical nuclei C' = Cli, and the nucleation current J' is approximated by h. The 
equation providw a simple me- for calculating the nucleation current, which, in turn, suppliw one of the necessary 
boundary conditions for the F-P equation, representing the size distribution of planar atomic dusters. 

For sines above the di-interstitial critical nucleus sile (Le., z 2 3), the master equation describing the rate of 
change of the concentration, C(z) ,  or equivalently the probability denaity, is given by" 

(10) ~- ac(z) - (d i+7)K(Z-  1 ) c ( Z -  I)+BC.K(2+1)C(Z+l)-(di+7+BC")K(Z)C(Z) I 

at 

where the reaction rate has now been aeparated into a time-dependent component and a size dependent component. 
aCi repreasnts the rate of interstitial atom impingement while K ( z  - 1) is the corresponding combinatorial factor 
that is siae dependent. 7 is the vacancy thermal emiasion rate, which is nearly independent of z for z 2 3, and BC. is 
the rate of vacancy impingement. Following the conventional methods,'"-" we expand the cluster concentration, C, 
and the combinatorial numhers, K, around 2, and truncate the Taybr aeries after second order. This results in the 
familiar F-P equation: 

ac - - 
at 
- + p . J = O ,  

where the operator 6 = a/az, in thin c m ,  aod current f i s  giwn by the 1-D component: 

a f= J, = PC - -(DC) , a2 
where the drift coefficient P, and the dispersion coefficient D can be u p d  as: 

7 =o1K(z) , 

D = De = p i  K ( z )  , 
and 

and gl and ga M mainly functions of the tempmature and displsawnt  rate, given by 

and Z is a constant bias factor for dislocation Imp, ensuring that g1 2 0 at quasi-steady state, and K ( z )  is a size- 
dependent combinatorial factor.l' Fquationa (13) and (14) are baaed on mixed diffusion/surface reaction controlled 
kinetics, where the combinatorial number, K ( z ) ,  is proportional to the number uf a t o m  around the Imp perimeter 
(z'l'), and a size-dependent function (we Ref, 17). 

The previously outlined approach for the derivation of the F-P equation is b d  upon the mmter equation for 
single-step transitions. However, the effects of large scale transitions of a more general stochastic nature can be 
described by the method8 of statistical mechanics, with the Smoluch~y-Chapman-Kolmogorov (SCK) equation for 
a Markovian proceed w a starting point,=S i.e., 

c(z,t)=/c(z.,O)(l(z,1; z.,O)dzo , (17) 

where the transition probabilities, (1 in this c e ,  need not be exactly known. An integrodifferential equation can be 
formulated for (l, from which various moments are calculated. The FP equation [Fq. (II)] is ~ h o w n ' ~ * ~ * ~ '  to be an 
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approximation to the SCK equation [Eq. (17)l. The drift and dispemion functions can be defined in a more general ._ 

and 

where the interval Atj is a characteristic correlation time for a statistically independent stochastic process, j. The 
notatioo, < >, is wed to indicate time-averaging of a size tluctuation, Az, over a time interval At,. 

There are three different stochastic procawa that iduence the evolution of interstitial loop: single atomic 
transitions, transitions caused by the diffusion of defects contained in a cascade, and transitions caused by direct 
caseade collisions. The overall drift and diffusion coe5cients can be expressed M the sum of the respective values of 
the statistically independent pro-. Using the nutscript I )  for the first process, cd for the sgond, and cc for the 
third, we have 

3 = A + T d + Z c = A  , (20) 

The expressions for single-step transitions are already given in Eqs. (13) and (14), while thme for cascade collisi~ns 
D, and diffusion Dd can be estimated in a manner similar to the work of Kitajima."." We now proceed to describe 
our application of the moments method to the solutioo of the general F-P equation for loop evolution. 

3. Moments method for the solution of the Fokker-Phck equation 

The moments method has been succeaafully used for the approximate determination of distribution functions, 
when described by partial or integro-diEerential equations, as in the work of Sigmund's and in that of Clement and 
Wood.'' Equations (11) and (12) can be put in the form 

ac a' - ai = -%C) az + ,,(PC) 
The zeroth moment of Eq. (22) givea 

dN 
- = J '  dt ~ (23) 

where N = 1; C d z ,  and is readily obtained by the k t  integration of Eq. (23). N is the total density of atomic 
clusters, regardless of their a h .  The upper bound has been appmximakd M m for mathematical simplicity. Solution 
to the second-order parabolic partial differential Eq. (22) in pcdble, provided the following boundary and initial 
conditions are satisfied: 

C(m,:) = 0 1 
c&*,:j = cti(t) I c ' , ~  

C(Z ,O)  = 0 , z>z '  
J(z*,t) = J' , and 1 ' 

The average s ix ,  <z>, is obtained M follovs: <z> N = Jp 2 C dz. W i n g  time derivatives, we obtain: 

where &/at = 0, hecause z and t are independent vuiablea of the dependent variable C. 
Now, performing further diEerentiation of Eq. (25), we obt.in: 

or a 3' 1 -  
-<z> = - [z'- <z>] + -/ J dz 
a t  N N =* 

Substituting for J in Eq. (26), we obtain 

The last equation yields: 
a J' 1 

N 
, <2> = (2' - <z>) + <3> - - [Pc]: , 

where <T> is the average value of the drift function, 3, over the size distribution function C. Finally the equation 
for the average h e ,  <z>, is given by: 

d d D'C' -<I> = <T(z)> - (<I> - z')-fm N + - 
di di N 
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The w n d  and third terms of Eq. (27) give the effects of nucleation on the average aim. Here the symbol < > is used 
for averagen mer the distribution function, Le., <q(z)> = 1," q(z) C(z)  dz, and q(z) is MY arbitrary function of z. 

M , = ( ( z -  <z>)'),snd ((2- < z > ) ' ) ~ ~ C ( z . t ) d z = ~ ~ ( z -  <z>)'C(z,t)dz, 
Let um define the rth moment, M. M follcwu: 

or M,N=L:(z- <z>)'C(z,t)dz . (28) 

Taking the time derivatives of both aides of Eq. (28) snd using the initid and boundary conditions, we obtain: 

(29) -(M,N)=/. a - a  ~ ( z -  <z>)'Cdz , at * 

or 

a N  aM. ac a-> 
M , - + N -  a t  at = 1: [ ( z -  <z>p - a t  + c r ( z -  <z>)'-' ( - a t > l d z  

(30) 
a<z> 

at 
= - /.:(z- <z>)'dJ - r- ((2- <,>)'-I) N . 

Using the symbola, . , for time derivativea, and, ' , for derirativss with reapect to z, we get  

M , k  + N h k , + r < z > M , _ ~ N = -  (z-<z>)'d[3C-(DC)'] 1: 
m 

= - [ ( z -  <z>)'lC]F+/ ICr(z- <z>)'-'&+[(z- <z>)'(DC)']; - 

= (2.- <z>)'J* + rN ( r ( z -  <.>)'-I) - / ?(I - <z>)'-'d(DC) 

= ( z * -  <z>)'J'+rN(?(z- <.>)'-I)- r [ (z-  <z>)'-'DC]~ + r ( r - l ) / .  D(z-  <z>)'-'Cdz 

= (2.- <z>)'J'+r[(z'- <z>)'-'D'C'] + r N ( r ( z -  <z>).-') + r (r -  l )N(D(z-  <z>)'-') 

(DC)'r(z- <z>)'-'dz 
/* 1: 

m 

z* 

0 

= 

. (31) 

Substituting for <i>, we get: 

D'C' 
N 

<A&> = r [(r(z-  <z>)'-') - M,-I <7>] + r - [(z'- <.>)'-I - AI,-'] 

a 
at +-(fnN)[(z'- <z>)'- M,-rhf,-l(z*- <z>)]+ r ( r - l ) ( D ( z -  <z>)'-') . (33) 

Now let um define the nudeation functions, &, the distortion functions, e,, and the dispersion functions, 9., IYI: 

a 
N a t  

(<z> -z')-(LnN) , DOC' = -- 

9, = r(r- 1)(D(z- <e)'-') 
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The complete system of moment equations can now be described M: 

(35) ! d 
dt 
-<2> = < 3 > + t  ~ 

d 
z < M . >  = O.+e?+( ,  I 

Since the distribution function is not known a priori, averaging of functions can only be made in an approximate wq.  
For an arbitrary function of r, the average value over the distribution function is given by: 

r = 2 , 5  ,... m 

'I (<2>)+ ... cdz 1 (2- < 2 > ) 2  " 
+ 

21 

The dispersion function, O., is given by averaging the product of the Wusion coefficient snd the quantity 
(2- <e-)'-) over the distributim function. Thua 

D (<z> - <z>)'-' + 
- 
kl 

- h f k  - dk [ D ( z -  <z>)'-' 
kI dz' 

The function 0, talrea diiTerent forms, depending on the value of r. For r = 2, we obtain 

Now, since D = gz K ( z )  #, we obtain for K(r) = 1: 

(37) 

The aeries is convergent for large 2. An approximation to Ol UUI be obtained by truncating the series at its loanst 
limit, i.e., k = 2: 

The distortwn function, &, is given by 

Similar to the dispersion function, for r = 2, we obtain & = 2 [(3(2- <z>)) - MI <3>I, but MI = (2- <z>) = 0 
and 

As an approximation, we truncate the wries at k = 2 to obtain 
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Dose 
@Pa) 

Approximate equations for the average value of x and the seeond moment are given by 

Total h o p  Density Avg Loop 
(lwp/mS) Diam (nm) 

and 

Integration of the set of Eq. (29) can, in principle, describe the distribution function by defining any desired number 
of moments. Representation of the distribution function from the knowledge of the various moments is not unique, 
however. To accomplish this task, we will uae the cummdant functions, where lit =<z>. l i z  = MI, l is = MJ, 

= M, - 3M:, . . . ; the coefficients of skewnew and excew, G1 = l is / l i2  , GI = l i 4 / 4 ,  . . . ; and the normal or 
Gaussian function Z(() = (I/f i)c-cI'  and f = [(z - < z > ) / m .  

The distribution function, C(z, t), can now be found as:& 

34 

I 1  G' + G:Ct 1728 z('0) (v )  + - 91104 2(") (y) + . , , . 

Equation (32) can be simplified, knowing that the normal function, 2, satisfies the differential equation 
Z("'+')(y) + vZ("+')(y) + (m+  l)Z("')(y) = 0, and hence the recurrence relation, Z("')(y) = (-l)"'E(y,m)Z(y), 
holds. The function E(y,m) are the Hermite Polynomials: Hl(y) = -y. Ez(v) = y' - 1, E&) = -$ + 3% 

Following Kendall and Stuart:s one UUL derive relationship hetween the cummulants and moments. When the 
transformation, 

is substituted into Eq. (32), and the cummulants replaced by moments, we finally arrive at an approximation to the 
distribution function 

2 = y a + < z >  , (47) 

4. Numerical results for a simplified example 

The method presented in the previolu seetion is a formal p r d u r s  which ahodd be tested for convergence and 
accuracy for specific applications. However, we will not attempt this in the present report. Rather, an illustrative 
example of interstitial loop evolution will he given in this section where comparison with experimentmare made. It is 
instructive to show that, even though several complicating features are neglected, the mlutirm gives qualitative agree 
ments with experiments. It is to he nokd that current transmiasion electron micrommpe (TEM) techniques are still too 
crude to accurately describe fine features of microstructure evolution, and hence a simple description may be desirable. 

Hall and Potterls performed ion-irradiation experi- 
ments on Ni, Ni-Si, and Ni-At alloys. A series of exper- 

Table I. Experimental observation of the 
Hall-Potter experiments " at 465'C. 

imenta on Ni-4 at % Si were carried out, where 3.0 MeV 
Nis*+ ions were uaed to bombard samples at 465°C. Their 
ion flux wan 2.3 x 10" cm-' E-', which corresponded 
to a peak displacement damage rate of 3 x lo-' dpa/a. 
A summary of their experimental obsewationa is given in 
Table I. 

4.84 x 10'0 
4.97 x 10'' 

0.67 4.87 x 10" 

A aeries of calculations were performed using Eqa. (1)-(5) for the concentrations of vacancies, self-interstitial atoms, 
and di-interstitials, respectively. Equation (23) WM simultaneously integrated for the total lwp  density, and Eqs. (30) 
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Defect Parameter 

Vacancy migration 
enerw. G' 

vacancy formation 
energy, E;' 

Cascsde defect sur- 
vival efficiency, c 

Interstitial atom 
vibration 

frequency, ui 

Vacancy vibration 
frequency, u. 

Initial dislocation 
density, p 

and (Sl) for the average loop & and the second moment of the distribution function. A trapping model wea adopted 
for interstitial atom migration, where the e5ective migration energy, r, h written M h 
the interstitial migration energy without t r a p  and in the binding energy of d-interstitiah to atomieaire trap. A 
standard aet of defect paramelern has hean ussd throughout the dculatims. Only three parameten were treated as 
free variahlw, and those are the trapping energy (E,!), the di-intentitid binding energy (G), and the interstitial loop 
bias factor (Zf). The remainder of the parameten were treated standard valuw commonly used in the Literature 

= 6 + z, where 

Value Defect Parameter 

Dislocation interstitial 
1.28 sv bias factor, Zi 

Interstitial migration 
1.8 eV energy9 w 

Di-interstitial migr& 
0.3 tion energy, = 

Trapping energy for 
self-interstiti&, % 

10%' 

Di-interstitid 
binding energy, si 

h p  interstitial 
bias factor, Zf 

5 x 10"s-' 

5 x 10"m-' 

~ 

Value - 

1.01 

2.20 eV 

0.80 eV 

0.35 eV 

1.19eV 

2.0 
- 

To compare with experimental data, the loop & distribution must ba dssuihed M a function of the loop diameter, 
D, rather than its size z. Comervation of probability givw C(r, 1) dz = C(D, : )  dD. Hence C ( D , t )  = C(z,t) ( d z / d D ) ,  
since, for a circular atomic dhk in an FCC material 

where og in the interatomic spacing. Thus: D = Kz'l', where K = 3'1'/fiog. The distribution function, C(Df), is 
now given by C ( D , t )  = (2/K)z'f1C(z,t). It in to be noted that the transformation from a number of atoms, z ,  to a 
circular dink with diameter, D, introduces another distortion to the diatribution function. 

The temporal dependenciea of point-defect con- 
centratio- (C. and Ci), the di-interstitial concentm 
tion (Czi), the nudeation current ( J . ) ,  and the den- 
sity of critical dusters (C') are shown in Fig. 1. It 
in observed that quasi-static conditiona are achieved 
within a short irradiation time (ou the order of 0.001 
dpa). Thin in in accordance with earlier calculations 
(e.&, Ret 17). The bulk of interstitial Imp nude- 
ation is achieved within this transient dose. Further 
irradiation results in a small amount of nudeation 
and in substantial development of the loop size dis- 
tribution. This observation will be useful in further 
simplifications of the problem. 

10-15' ' ' ' 
I 

10-9 10-7 10-5 10-3 10-1 

DOSE (DPA) 

Fig. 1. Time dependence of vacancy (Ce), intentitid 
(Ci), di-interstitial (Cli), and critical nucleus (C') 
concentrations. Ala0 shown is the nucleation cumnt  
[ J' (ot/at/s)].  
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The effects of parametric variations in Zf, ETy, and .E& on the average sise of dislocation loop  and on the total 
loop density is shown in Fip .  2 through 7. An increase in the loop bi.s factor, Zf. results in an increase in the average 
loop diameter, an shown in Fig. 2. On the contrary, the loop density is not sensitive to the factor as indicated in 
Fig. 3. This is fortunate since meluurunsnts of the loop d-ty can he d to determine defect parameters other 
than the bias factor. The effects of the di-interatitial binding energy on the average loop diameter is s h m  in Fig. 4, 
while the corresponding effect on the total density is shown in Fig. 5. An increase in the gi will dramaticdy increase 
the loop density and reduce the average diameter. The value of 1.19 eV is shown to result in reaeonable correlation 
with experimental data, and is also consistent with our previous conclusions." The effective interstitial migration 
energy shows an opposite dramatic inauence on both the average diameter (Fig. 6)  and the total density (Fig. 7). The 
interstitial atom migration energy and the di-interstitial binding energy determine the probability of loop nucleation, 
and atomic conservation dictates the average loop size. 

The distribution function of interstitial loop at 0.2 dpa, 1.0 dpa and 1.8 dpa is shown in Fig. 8. In this calculation, 
only the effects of oingle-step tranaitions on the stochastic dispersion coefficient, D ,  are included. CompsrisOn with 
the experimental data of Hall and Potter" shows that this may be an underestimation of the magnitude of stochastic 
Euctuationa and that collision cascade effects must be included. 

In the following, we apply a simple model for calculating the effects of collision cascadea on the diffusion coefficient, 
and hence on the size distributim. Kitqjima- calculated the effects of cascade collisions and cascade-induced point- 
defect Euctuationa on the dispersion coefficient, D ,  Cascade-induced point-defect fluctuations, and cascade re-solution 
were calculated by Chou and Ghoniem in a series of  paper^.^*"-^ Because of its simplicity, we apply Kitajima's model, 
where the cascadcinduced dispersion coefficient, Dd+ Dee, is taken a multiple of the single-step transition dispersion 
coefficient. Figure 9 shows that the effects of caseadrs are s i d c a n t  on the dispersion of the loop distribution function. 

0' I 
0.0 0.5 1.0 1.5 2. 

DOSE (DPA) 

Fig. 2. Effect of interstitial loop bias factor (Z f )  on 
the average loop diameter (- E theory, = experi- 
ment). 

I 

1. IO00 
0 s 
g 500 
4 

0.0 0.5 1.0 1.5 2. 
DOSE (OPA) 

Fig. 4. Effect of di-interstitial binding energy on the 
average loop diameter (- theory, experiment). 

0.0001 0.1 IO 

DOSE (DPA) 

Fig. 3. Effect of the loop bias factor (2;) on the total 
loop concentration (- _= theory, _= experiment). 

5 
LE13 

3 
5 LEI0 - 

z 
w " 21 binding - 

1E7 - 

2 $i 1E4 
IE-10 1E-7 0.0001 0.1 I O .  

DOSE (DPA) 
Fig. 5. Effect of di-interstitial binding energy on 
the total loop concentration (- 5 theory, E experi- 
ment). 
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DOSE (DPA) 

Fig. 6. Effect of the effective interatitid mipation 
energy on the average loop diamctcr (- theory, e =_ 
experiment). 

7 0.06 

d. 0.04 
X 
V 

0.02 

0.00 
0 

LOOP D W  (i) 
Fig. 8. Distribution function of interstitial loop at 
various displacement damage dosss. 

DOSE (DPA) 

Fig. 7. Effect of the &ective interstitial migration 
energy on the total loop density eoncentration (- 3 

theory, experiment). 

0.10 

0.055 dpa 0.11 dpo - D c / D s =  1 
-- Dc/Ds= 20 

( H a l l  & Potter 1 

0.02 

4 

5 0.04 " 

0.00 
0 50 100 150 200 

LOOP D I M  (b 
Fig. 9. Effects of caseades on the dispemion of the 
interstitial loop distribution function (- = theory, 5 

experiment). 

5. Concluaiona 

The nucleation phase of interstitial loops is shown to be very fast, and the transient period for loop formation is 
over after about 0.001 dpa. The effects of three pointdefect parametem on loop density and average size is studied 
by comparing theoretical calculaticus to experiments. An increase in the loop bias factor, Zf, is found to increase 
the average loop size but has a very small effect on the total loop density. An increase in the di-interstitial binding 
energy, E$, increases the loop density and reduces the averap diameter in a significant way. For nickel, a value of 

= 1.19 eV reproduces available experimental data. The value of the effective self-interstitial migration energy has 
a dramatic effect on the total loop density and the loop average sire. A value of = 0.55 eV shows consistency 
with experimental data. This is an indication that interstitial migration is hindered by atomic traps. 

The distribution function of interstitial loop, when displayed as a function of the loop diameter, is non-Gaussian. 
The deviation from Gaussian behavior ia c a d  by several factom. First, the continuous nucleation of smalksize Imp 
introduces a component of small-size loop. Second, if the dispersion and drift functions are size dependent, higher 
order additional t e r n  are introduced as comtions  to the Gaussian distribution function. Third, the assumption 
that the stochastic procens of atomic additions to a cluster mul ts  in an instantaneous circular disk reaults in a 
transformation of the stochastic p r m ~  from sire space to diameter space. This tramformation introduces another 
distortion to the distribution function. 

Atomic agglomeration in interstitial loop under irradiation is alfected by collision cascades. Comparisons of t h e  
retical calculations and experiments indicate that the stochastic fluctuations in loop sizes caused by the net absorption 
of single interstitial atom are not adequate to explain the wide dispersion in the distribution function. To be consie 
tent with experimental observations additional fluctuations because of cascades must be included. 
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FUTURE WORK 

Higher order momentn will be evduated for the loop distribution function in order to ascertain the validity of finite 
moments repremutation. 
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THE IWLMNCE OF NICKEL COMENT ON THE SWELLING OF Fe-Cr-Mn-Ni ALLOYS - 
F. A. Garner (Pac i f ic  Northwest Laboratory) and H. Takahashi (Univers i ty  of Hokkaido) 

OBJECT1 VE 

The ob jec t  of t h i s  e f f o r t  i s  t o  determine the  nature of the  d r i v i n g  forces which tend t o  des tab i l i ze  
the  austeni te and t o  promote changes i n  dimensions i n  the  Fe-Cr-Mn aus ten i t i c  a l l o y  system dur ing 
i r rad ia t i on .  

S W R Y  

The densi ty changes measured i n  th ree  separate ser ies  o f  Fe-Cr-Mn-Ni aus ten i t i c  a l l oys  i r rad ia ted  i n  
FFTF-MOTA Cycle 1D ind icates t h a t  n i cke l  add i t ions do not  decrease swel l ing  as had been ant ic ipated. 
These data are contrary t o  the  behavior observed i n  e lec t ron i r r a d i a t i o n  o f  one o f  these th ree  a l l o y  
series. 

PROGRESS AND STATUS 

Iotroductlon 

reported i n  e a r l i e r  publications.14 
less  sens i t i ve  t o  composition than are  comparable Fe-Cr-Ni a l loys .  
degree of phase i n s t a b i l i t y  e x i s t s  i n  the  Fe-Cr-Mn system. 
behavior are  thought t o  a r i s e  p a r t i a l l y  from the  d i f f e r e n t  in f luence o f  n i cke l  and manganese on vacancy 
d i f f u s i o n  and a lso from t h e i r  d i f f e r e n t  impact on austen i te  s t a b i l i z a t i o n .  In par t icu lar .  it was shown 
t h a t  r e l a t i v e l y  slow-diffusing n i cke l  segregates a t  s inks whi le  fas te r- d i f f us ing  manganese migrates away 
from microst ruc tura l  sinks. The out-migration o f  manganese leads t o  nucleat ion o f  f e r r i t i c  phases whi le  
n i cke l  segregation keeps the  various microst ruc tura l  s inks sa fe l y  w i t h i n  the  austen i te  regime. 

Nickel  add i t ions are  known t o  delay void nucleat ion i n  the  Fe-Cr-Ni s y s t d  and, as shown i n  
Figure 1, e lec t ron  i r r a d i a t i o n  studies o f  Fe-17Cr-19Mn-XNi a l l o y s  have shown a s i m i l a r  behavior.' 
order t o  study the  i n t e r a c t i v e  e f f e c t s  o f  n i cke l  and manganese, th ree  sets  o f  Fe-Cr-Mn-Ni aus ten i t i c  
a l l o y s  were i r rad ia ted  i n  FFTF-MOTA. The mot ivat ion f o r  studying these a l l o y  systems was not  on ly  t o  see 
i f  n i cke l  add i t ions reduce swel l ing  b u t  a l so  t o  ascer ta in  whether t h e  simultaneous segregation o f  n i cke l  
and t h e  out-migration of manganese a t  s inks would balance and thereby promote an increased leve l  o f  phase 
s t a b i l i t y .  

The i r radiat ion- induced swel l ing  and phase s t a b i l i t y  o f  simple Fe-Cr-Mn aus ten i t i c  a l l oys  has been 
I n  general. it has been shown t h a t  t h e  swel l ing  of these a l l oys  i s  

The d i f fe rences i n  these two facets of a l l o y  
It was a lso shown t h a t  a greater  

I n  

I eG.6 Ni 

1°14 t 
0 5 10 15 

DISPLACEMENTS PER ATOM 

Fig. 1. Ef fec t  o f  n i cke l  l e v e l  on vo id  nucleat ion i n  1.3 MeV e lec t ron  i r r a d i a t l o n  o f  Fe-17Cr-19Mn-XNi 
d l l o y  ser ies  a t  450'C. 
t rans ien t  regime o f  swel l ing.  

The primary e f f e c t  of n i cke l  i s  t o  delay void nucleat lon and extend the  
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v 
The f i r s t  se t  of a l loys i s  ident ica l  t o  those i r rad ia ted  e a r l i e r  w i th  electrons.6 being Fe-17Cr-19Mn- 

XN i  wfth 0.5Si. 0.02P. 0.1OC and 0.16N. These a l loys  contained r e l a t i ve l y  low n icke l  leve ls  (S5.9 wt%) 
and were i r rad ia ted  i n  the annealed condit ion (1030'C for 0.5hr. and a i r  cooled). 

The second and t h i r d  sets contained larger  leve ls  of n icke l  and were simple quaternary a l loys  based on 
Fe-ECr-EMn-XNi and Fe-30Mn-1OCr-XNi. These a l loys were also i r rad ia ted  i n  t he  annealed condit ion. The 
compositions o f  a l l  three a l l o y  ser ies are shown i n  Table 1. 

Table 1. 

sarlerl* 
Fe-16.83Cr-19.49Mn-0.03Ni-0.54Si-0.1OC-0.020P-0.162N 
Fe-16.59Cr-18.87Mn-1.47Ni-0.55Si-O.10C-0.019P-0.164N 

Fe-16.95Cr-19.08Mn-5.90N1-0.52S1-0.1CC-0.022?-0.099N 

serierzI* 

Fe-l5 Cr-SSMn 

Fe-l5Cr-l5Mn+Ni 

Fe-ISCr-EMn-lONt 

Fe-ECr-15 Mn-E N 1 

sarierl** 

Fe-lEr-30Mn 

Fe-1OCr-3OMn-5 N i 
Fe-1OCrdOMn-1ONi 

Fe-1OCr-30Mn-E N i 

* A l l  w i th  0.006S. 0.05-0.07Cu and 0.01-0.03Mo 
** Nominal Canposition 

A l l  a l l oys  were prepared i n  t he  form of microscopy disks 3mm i n  diameter by O . Z m m  t h i c k  and 
i r rad ia ted  i n  s t a t i c  sodium i n  MOTA 10 o f  the Fast Flux Test F a c l l i t y  (FFTF) a t  -3X10e6 dpa sec-l using 
the Mater ials Open Test Assembly (MOTA) which naninal ly cont ro ls  the temperature tOk5.C. There was one 
abnormal temperature event o f  approximately one hour durat ion during t he  WOTA 10 i r rad ia t ion.  t he  de ta i l s  
o f  which are shown The range o f  neutron spectra over t h i s  assembly produces approximately 5 
dpa f o r  each l.0X10'9 ncm-' (E>0.1 MeV) ;  t he  estimated dpa leve ls  reached are a lso included i n  Table 2. 
The bulk swel l ing leve ls  were measured using an inmersion densi ty technique which i s  accurate t o  0.151 
change I n  density. 

Tab1 2. 

Table 2. Isir@w&re and Fl- 

Nominal D 1 sp l  acement 
Tanperature Exposure Off-Normal 

( T I  A a t s *  

4 20 a None 

470 17 657'C for  70 Min. 

55 0 20 749'C f o r  50 Min. 

650 18 928'C for  50 Min. 

These events occurred a t  d i s p l a c m n t  leve ls  which were -53% of the t o t a l  
exposures quoted above. 
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The swel l ing (calculated from densi ty change) measured i n  these th ree  a l l o y  ser ies  i s  shown i n  Figures 

Contrary t o  our expectations. the  e f f e c t  o f  n i cke l  add i t ions i s  not  t o  delay swel l ing  b u t  t o  

These r e s u l t s  may not ac tua l l y  be I n  c o n f l i c t  w i t h  the  data shown 

2 and 3. 
Increase it I n i t i a l l Y .  While fu r the r  n i cke l  increases were sometimes found t o  decrease swelling. it was 
only a t  r e l a t i v e l y  h igh n i cke l  levels.  
i n  Figure 1, however. Note t h a t  t h e  e lec t ron  i r r a d i a t i o n  experiment was conducted a t  450'C and a t  a 
displacement r a t e  of If one assumes t h a t  a "temperature s h i f t "  a r i s i n g  from d i f fe rences 
i n  d isp lacemnt  r a t e  i s  necessary t o  co r re la te  the  neutron and e lec t ron  i r r a d i a t i o n  data. these two 
exper imnts  may not have been operating a t  comparable temperatures. 

dpa/sec. 

4 -  

PEncENl 
CHANGE 

NICIELCONTMT. r*L 

Fig. 2. Neutron-induced swel l ing  o f  Fe-17Cr-19Mn-XNi a l l o y  ser ies  i r r a d i a t e d  i n  FFTF-WTA. 

Fig. 3. Neutron-induced swel l ing  i n  Fe-EMn-ECr-XNi and Fe-30Mn-lEr-XNi a l l o y  ser ies  i r rad ia ted  i n  
FFTF-WTA. 
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The lower swel l ing  of t h e  f i r s t  a l l o y  ser ies  cmpared t o  t h a t  of t h e  second and t h i r d  ser ies  i s  thought 
t o  r e f l e c t  p r i m a r i l y  t h e  presence of s i l i c o n  and other solutes. 

s igna ls  t h a t  once again t h i s  a l l o y  system i s  d i f f e ren t  from t h a t  of t he  simple Fe-Cr-Ni system and 
requires fu r the r  study p r i o r  t o  development of a low- act ivat ion a l l o y  based on t h e  Fe-Cr-Mn aus ten i t i c  
system. While n icke l  per se must be reduced o r  removed t o  meet cu r ren t  low-act ivat ion guidelines. the  
In te rp lay  between n i cke l  and manganese may teach us much about t h e  nature of t h e  d r i v i n g  forces tending 
to des tab i l i ze  the  Fe-Cr-Mn a l l o y  system dur ing i r rad ia t i on .  

The impact of t h e  one hour temperature increase experienced halfway through t h i s  experiment i s  not  

The lack of agreement of these data w i t h  our expectat ion derived from e lec t ron  i r r a d i a t i o n  studies 

thought t o  have affected these r e s u l t s  very much. F i r s t .  t he  t rends observed w i t h  n i cke l  content were 
the  same fo r  a l l  four  i r r a d i a t i o n  temperatures. even though t h e  over-temperature event d i d  not  a f fec t  the  
420.12 capsule. Second. the  over-temperature event a l so  cccured t o  other subcapsules which experienced 
i r r a d i a t i o n  i n  MOTA5 16, 1C and 1D. When data on Fe-Cr-Mn a l l o y s  from those capsules were plotted, the re  
were no d i s c o n t i n u i t i e s  o b ~ e r v e d . ~  Third, t h e  t rends w i th  n i cke l  and chromium content observed i n  ser ies 
2 and 3 are  consistent w i t h  those observed i n  Fe-Cr-Mn a l l oys  a t  16 dpa without an over-temperature 
event. probably r e f l e c t i n g  t h f  fac t  t h a t  t h e  temperature-sensitive vo id  nucleat ion stage occurs very 
ea r l y  i n  these simple a l loys .  

FUTURE WORK 

These specimens w i l l  be shipped t o  Japan f o r  microscopy examination. 
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6.1 F e r r i t i c  Stainless Steels 

EFFECTS OF IRRADIATION ON LOW ACTIVATION FERRITIC ALLOYS, A REVIEW - D. S. GELLES (PACIFIC NORTHWEST 
LABORATORY) 

CBJECTIVE 

The ob jec t ive  o f  t h i s  work i s  t o  determine the a p p l i c a b i l i t y  o f  l o w  ac t i va t i on  f e r r i t i c  a l l o y s  as 
fus ion reactor s t ruc tu ra l  materials. 
A l loys  f o r  Fusion Service. 

The manuscript was prepared f o r  the  Symposium - Reduced Act iva t ion 

SUMMARY 

A broad range of f e r r i t i c  a l l oys  i s  possible which s a t i s f y  the l o w  ac t i va t i on  requirement fo r  near- 
surface b u r i a l  of fusion reactor  mater ia ls  a f t e r  decmiss ion ing .  
Fe-2Cr canposi t ion range, mar tens i t i c  a l l o y s  i n  the  Fe-7 t o  9Cr range and s t a b i l i z e d  mar tens i t ic  a l l o y s  
i n  the Fs-12Cr range have bean successful ly fabr ica ted and are undergoing t e s t i n g  as demonstrated by 
e f f o r t s  i n  Europe, Japan and the  United States. However, it i s  found t h a t  i r r a d i a t i o n  s i g n i f i c a n t l y  
degrades the proper t ies  o f  b a i n i t i c  and s t a b i l i z e d  mar tens i t i c  a l loys.  
vanadium develop severe hardening due t o  i r radiat ion- induced p r s c i p i t a t i o n  a t  tmperatures below 4 5 0 T  
and extreme sof ten ing due t o  carbide coarsening a t  temperatures above 500%. 
a l l o y s  which r e l y  on manganese add i t ions t o  provide a f u l l y  mar tens i t ic  microst ruc ture  a r e  embr i t t led  a t  
g ra in  boundaries fo l lowing i r r a d i a t i o n  leading t o  severe degradation of impact properties. 
promising compositlon regime appears t o  be the Fe-7 t o  9 C r  range w i t h  tungsten addi t fons i n  t h e  2x range 
where h igh temperature mechanical proper t ies  and microst ruc tura l  s t a b i l i t y  are retained and impact 
proper t ies  are r e l a t i v e l y  unaffected by i r r a d i a t i o n .  

Low ac t i va t i on  b a i n i t i c  a l l oys  i n  the  

B a i n i t i c  a l l oys  containing 

S tab i l i zed  mar tens i t i c  

The m s t  

PROGRESS AND STATUS 

Iotroductlcn 
The e f f o r t  t o  develop special  l o w  a c t i v a t i o n  f e r r i t i c  or mar tens i t i c  s tee ls  for  fus ion reactor 

app l ica t ions i s  in ternat iona l .  Laboratories i n  Japan, B r i t a i n  and the  U.S. are each designing. 
f a b r i c a t i n g  and t e s t i n g  a l l oys  which would increase the  accep tab i l i t y  of fus ion power by decreasing t h e  
quant i ty  o f  h igh ly  ac t iva ted mater ia l .  A c a l l  fo r  development o f  such a l l oys  o r ig ina  ed w i th  the US 
Oepament  of Energy (DOE) Panel on Low Ac t i va t i on  Mater ia ls  fo r  Fusion Appl icat1ons.I  The panel noted 
t h a t  " la,er a c t i v a t i o n  mater ia ls  f o r  fus ion reactors are techn ica l l y  possible. may be important t o  the 
pub l i c  acceptance of fus ion energy, and should be a main goal of t h e  fusion program." 
act iva t ion.  only minor changes i n  canposi t ion appear t o  be required. The element add i t ions which must be 
ca re fu l l y  con t ro l l ed  are Cu, N i .  Mo, Nb and N, w i th  Nb representing the  most severe r e ~ t r i c t i o n . ~ - ~  
Al ternately.  isotoDic t a i l o r i n q  could i n  DrinciDle. Provide eauivalent Derfotmance. For example. HT-9. a 

f o r  l o w  

12 C r  mar tens i t i c  s tee l  under udy f o r  fus ion appl icat ions.  could be made acceptable if Mo addi t ions 
could be i s o t o p i c a l l y  ta i lo red.  8 

The a l l o y  compositions being considered f o r  l o w  a c t i v a t i o n  f e r r i t i c  or martens i t ic  s tee ls  are based on 
two c m e r c i a l l y  important a l l o y  classes: 2 1/4 C r  s tee ls  and the super 9 t o  12 C r  steels. The former 
is. i n  fact. a b a i n i t i c  c lass and the  l a t t e r  a mar tens i t ic  class. Both o f  these s tee ls  contain Mc a t  
l e v e l s  o f  about l%. Therefore. design of low a c t i v a t i o n  a l te rna t i ves  requires subs t i t u t i on  fo r  Mo. W 
and V are leading candidates, w i th  considerat ion given f o r  using Ta as a subs t i t u te  f o r  Nb. 
obta in  a f u l l y  mar tens i t i c  12 C r  s tee l  wi thout add i t ions o f  N i .  austeni te s t a b i l i z i n g  add i t ions must be 
included. Mn and C have thus f a r  been considered. Therefore, three classes of l o w  ac t i va t i on  
f e r r i t i c / m a r t e n s i t i c  a l l oys  are possible: la, chranium b a i n i t i c  a l loys,  7 t o  9 C r  mar tens i t i c  a l l oys  and 
12 Cr s t a b i l i z e d  mar tens i t i c  a l loys.  
Table 1. and. fo r  canparison. examples o f  s i m i l a r  c m e r c i a l  a l l oys  are  given i n  Table 2. The a l l oys  i n  
Table 1 have been grouped by canposi t ion i n  order t o  emphasize the s i m i l a r i t i e s  between the  approaches 
taken a t  d i f f e r e n t  laborator ies.  Examination o f  Table 1 shows t h a t  the  7 t o  9 Cr a l l oy  c lass and t h e  12 
C r  a l l oy  c lass are about equal i n  s i ze  and t h e  smallest group i s  the  2 C r  range. I n  each class, each o f  
the  a l l oy ing  approaches have been t r i e d :  W subst i tu ted fo r  Mo. V subst i tu ted fo r  Mo and small add i t ions 
of Ta subst i tu ted f o r  Nb (except t h a t  Ta add i t ions have not  been added i n  the  2 C r  a l l o y  c lass) .  
However, i n  many cases, t h e  higher C r  a l l oys  were found t o  be duplex mar tens i t ic /de l ta  f e r r i t i c  and. 
therefore, fu r the r  changes i n  composition spec i f i ca t i on  were needed. 

I n  order t o  

The a l l o y  compositions which have been considered are  given i n  

The e f f e c t  o f  f a s t  neutron i r r a d i a t i o n  on microst ruc ture  and proper t ies  has been examined fo r  each o f  
the a l l o y  classes w i t h  V addit ions. f o r  the  two high chranium classes w i th  W addit ions, and, t o  a c e r t a i n  
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Table 1. Compositions o f  Lon Ac t i va t i on  A l loys  ( i n  weight percent) 

I ; r _ L L L A . L & L - l i L - B l L _ s  

2.06 1.96 -- 0.10 0.29 0.50 .001 <.002 .004 

2.36 -- 0.25 0.11 0.17 0.40 
2.30 0.93 0.25 0.10 0.13 0.34 
2.48 1.99 0.01 0.11 0.15 0.39 
2.42 1.98 0.24 0.11 0.20 0.42 

AUvL- 
2cr-2w 

2CrV 
2Cr-1WV 
2Cr-2W 
ZCr-2WV 

L1 2CrV 
L2 2Cr-1V 
L3 2Cr-1VMn 

5Cr-2W 

5Cr-2WV 

F-82 
F-82H 

Ref 

7 

8 

2.32 <.Ol 0.50 0.09 0.08 <.Ol 
2.82 <*Ol 1.01 0.09 0.08 < . O l  
2.46 -- 1.50 0.11 0.30 0.30 

.004 <.005 .003 

.003 .002 

.015 <.005 .015 

8 

4.84 1.98 -- 0.10 0.30 0.50 .002 <.OW .004 

5.00 2.07 0.25 0.13 0.25 0.47 

7.52 2.2 0.19 0.10 0.17 0.49 -- .0035 .002 .003 .002 
7.65 2.0 0.18 0.09 0.09 0.49 0.04 .0034 .002 .005 .001 

8.92 1.92 -- 0.10 0.28 0.48 
8.96 -- -- 0.10 0.30 0.49 
9.01 0.99 -- 0.10 0.29 0.48 

.002 <.OD2 .003 

.001 " .003 

.002 " .004 

7 9Cr-2W 
9Cr 
9Cr-1W 
9Cr-2W 
9Cr-4W 
9 C r .  25V 
9Cr-.5V 
9Cr-1V 

9Cr-2WV 
9Cr-ZWVTa 

GA3X nun. 
me1 t 

GP3X 
GA5X 

LA12 
LA13 

LA13 
LA13Ta 

8.92 
9.09 
8.82 

1.92 -- 
3.93 -- -- 0.26 -- 0.53 -- 1.03 

2.09 0.24 
2.09 0.23 

2.5 0.3 
1.95 0.02 

2.0 0.30 
2.1 0.30 

0.68 0.24 
2.90 0.25 

2.90 0.25 
2.96 0.25 

0.10 0.28 0.48 
0.10 0.29 0.50 
0.13 0.30 0.46 

.002 .003 .~~~ 

.002 

.019 

. . ~~ 

.002 

.002 
8.86 
8.72 

8.73 
8.72 

9 
7.5 

9.00 
8.92 

9.1 
9.2 

9.22 
9.0 
9.1 
9.8 
9.1 

0.11 0.29 0.48 
0.12 0.31 0.51 

0.12 0.25 0.51 
0.10 0.23 0.43 

0.15 -- 
0.17 .002 

0.15 0.06 0.04 
0.15 0.05 0.04 

0.16 
0.17 

0.17 0.42 0.74 
0.18 0.04 0.70 
0.16 0.37 0.79 
0.16 0.03 0.80 
0.17 0.02 0.74 

-- 

.020 8 

. O M  
.003 
.003 

8 

8 

10 

11 

12 

0.075 

-- 
.005 

.001 

.002 
0.002 .001 

,I , 

.059 

.045 

.06 

.042 

.004 

LA12 
LA12Ta 
LA12TaLN 
LA12LC 
LA12TaLC 

0.68 0.24 
0.85 0.27 
0.77 0.25 

0.10 
0.10 

9.0 
8.9 
9.13 
9.14 
9.02 
8.82 

0.76 0.38 
0.76 0.39 
0.01 0.52 

0.09 0.03 1.01 
0.09 0.03 1.01 
0.10 0.09 0.02 

-- 
0.09 

.033 

.019 

.003 <.005 

.003 11 

.003 1 

,002 

.003 

.003 

.003 

.004 

8 L4 9CrV 
L6 9Cr-1V 
L5 9CrV 
L7 9CrlWV 

0.02 1.23 
0.01 0.51 
0.89 0.27 

0.20 0.09 1.08 
0.10 0.09 2.68 
0.10 0.10 2.44 

0.16 
0.16 

LA2 
LA3 

11.4 
11.5 

c.02 0.26 
0.24 0.25 

11 

LA4 
LA5 

10.9 
10.9 

0.65 0.25 
1.12 0.24 
1.95 0.24 
3.04 0.23 
0.66 0.46 
0.77 0.80 
0.70 0.25 
0.69 0.25 

0.17 
0.16 
0.15 LA6 

LA7 
LA8 

11.7 
11.2 
11.1 
11.7 
11.4 
11.2 

0.17 
0.16 
0.15 
0.16 
0.16 

LA9 
LA10 
LA11 
LA14 

LA7 

0.0083 

0.19 

-- 
0.10 

0.103 
0.04 

.059 

.005 

11.4 

11.3 

2.94 0.25 

2.94 0.25 
2.90 0.25 
2.95 0.24 

0.17 

0.17 0.26 0.76 
0.15 0.07 
0.18 0.04 0.70 

12 
LA7Ta 
LA7TaLN 

11.4 
11.1 
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Table 1 (Cont'd) 

Bupr 

L8 12CrlV 
L9 12CrlWV 

12CrlWVTa 
12CrlWVTa 
12CrlVWTa 

12Cr-2WV 

12Cr2WV3Mn 
12Cr2WV6Mn 
1Cr2WV 

GA4X nom. 
me1 t 

GA4X 
GA6X 

12Cr-2W 
15Cr-2W 

12.19 c.01 1.05 0.09 0.10 6.47 
11.81 0.89 0.28 0.10 0.11 6.47 

11.96 0.82 0.23 0.09 0.10 6.56 
11.95 0.80 0.25 0.10 0.09 6.45 
11.80 0.22 0.97 0.10 0.10 7.84 

11.49 2.12 0.23 0.10 0.24 0.46 

11.23 1.79 0.21 0.08 0.23 2.76 
10.86 1.97 0.21 0.08 0.20 5.57 
11.52 1.83 0.22 0.17 0.20 0.40 

11 2.5 0.3 0.15 
10.2 1.1 0.2 0.01 -- .011 

11.0 2.0 0.30 0.14 0.05 0.04 
11.1 2.1 0.30 0.15 0.07 0.04 

11.56 1.96 -- 0.10 0.32 0.49 
14.72 1.94 -- 0.11 0.30 0.49 

0.14 
0.20 

.003 c.005 .005 8 

.003 '' .005 

.008 c.005 .004 13 

.003 <.005 .006 
0.23 .005 <.005 .OOb 

8 

14 

8 
<.003 

,002 ,001 .001 10 
,I " .002 

.001 c.002 .003 7 

.001 " .003 

nom. - nominal canposi t ion 
me l t  - actual mel t  canposi t ion 

Table 2.  Examples o f  Commercial A l loy  Compositions S imi lar  t o  Low Ac t i va t i on  F e r r i t i c  Alloys. 

Composition (weight percent) 

Allov Gt M p C ~ t i I U _ s 1 t d b t l  e s 

2 Cr-1Mo 2.25 1.0 0.09 0.45 -- <.03 0.20 -- -- C.015 c.015 

T91 8.43 0.89 0.09 0.37 0.11 0.24 0.16 0.08 -- .011 .004 

FV 448 11.3 0.66 0.15 -- 0.75 0.25 co.02 

HT-9 11.80 1.02 0.21 0.50 0.58 0.32 0.22 -- 0.50 .007 .003 

extent. f o r  the  12 C r  manganese s t a b i l i z e d  s tee ls  w i th  Ta addit ions. 
Summarize the  s i m i l a r i t i e s  and d i f fe rences o f  a l l o y  response t o  neutron i r r a d i a t i o n  i n  order t o  provide a 
basis fo r  se lec t i ng  the  optimum low ac t i va t i on  f e r r i t i c  a l l o y  canposi t ion fo r  fusion reactor 
appl icat ions.  - The purpose o f  t h i s  paper i s  t o  

Studies o f  the  e f fec t  of i r r a d i a t i o n  on low a c t i v a t i o n  fe r  t i c  a l l oys  have included un iax ia l  t e n s i l e  
t e s t s  fo l l ow ing  i r r a d i a t i o n  t o  fluences as high as 45 dpa, lSpF6 Charpy impact t e s t s  f o l  owing r r a d i a t i o n  
a t  365 C t o  15 dpa17 and microst ruc tura l  examinations fo l lowing i r r a d i a t l o n  t o  45 dpa. 15r16,1e These 
r e s u l t s  can now be augmented w i t h  prel iminary observations by the  author o f  microst ruc tura l  response 
f o l l a i n g  i r r a d i a t i o n  t o  115 dpa. The a l l oys  examined included 2 C r  s tee ls  w i th  V add i t ions (L1, L2 and 
L3 i n  t a b l e  1). 7 t o  9 C r  s tee ls  w i t h  V o r  W add i t ions (L4 t o  L7. G N X  and GA4X i n  t a b l e  1) and 12 C r  
steels. s t a b i l i z e d  w i th  Mn and w i t h  V o r  W add i t ions (L8 and L9 i n  Table 1). A l l  data were obtained from 
specimens i r r a d i a t e d  i n  the Fast F lux  Test F a c i l i t y  (FFTF), Richland, Washington. which i s  a l i q u i d  metal 
t e s t  reactor  equipped w i t h  a f u l l y  instrumented Mater ia ls  Open Test Assembly (MOTA). 
t ranvouta t ion react ions t h a t  would be produced by h igh energy neutrons i n  a fus ion reactor environment 
are absent, MOTA i r r a d i a t i o n s  should provide useful data on r e l a t i v e  phase s t a b i l i t y  and swel l ing  sensi- 
t i v i t y .  

5ffi'C are sumnarized i n  Figure 1. 
an wide. 0.075 an t h i c k  and w i t h  a gauge sect ion o f  0.75 cm. 

Although the 

The r e s u l t s  s h a i n g  the  e f fec t  o f  i r r a d i a t i o n  on t e n s i l e  proper t ies  a5 a funct ion of dose a t  420 and 

A t  420'C. specimens were tes ted fo l l ow ing  
Specimens were a min ia ture  sheet geanetry: 2.5 cm overa l l  length. 0.15 
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Low act ivat ion a l loy  t e n s i l e  properties a s  a function of dose. 
elongation ( b )  following irradiation a t  420°C and y i e ld  strength ( c )  and tota l  elongation 
( d )  following irradiation a t  585°C are shown. 

Yield strength ( a )  and to ta l  
1 .a 
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i r r a d i a t i o n  t o  10 and 40 dpa. The r e s u l t s  showed t h r e e  d i s t i n c t l y  d i f f e r e n t  responses i n  t h e  t h ree  a l l o y  
classes. 
decreases i n  e longat ion  f o l l ow ing  i r r a d i a t i o n  t o  10 dpa. I r r a d i a t i o n  t o  h igher  dose produced moderate 
softening. 
a f u n c t i o n  o f  dose. A f t e r  i r r a d i a t i o n  a t  
585 C, a l l  a l l o y s  became weaker and gave increased elongat ion.  Hanever, t h e  2 C r  s t e e l s  a l l  showed t h e  
weakest response, w i t h  sa tu ra t i on  i n  p rope r t i es  by 13 dpa. The 9 C r  s t e e l s  gave in te rmed ia te  y i e l d  
s t reng th  values. 
observed a t  13 dpa a re  probably mis leading because a l l o y  7 was n o t  t es ted  a t  13 dpa. The 12 C r  s tee l  was 
t he  strongest. b u t  underwent decreases i n  s t reng th  s i m i l a r  t o  t h e  9 C r  response. However. i n  t h e  case of 
a l l o y  7, Fe-9Cr-1W. t h e  s t reng th  a t  38  dpa was s i m i l a r  t o  t h a t  o f  t h e  12 C r  s tee l .  Therefore, 9 C r  
s t e e l s  can be designed t o  p rov ide  h igh  temperature s t reng th  s i m i l a r  t o  those of 12 C r  s t e e l s  b u t  12 C r  
s t e e l s  appear t o  have t h e  bes t  t e n s i l e  p roper t ies .  

The low chromium b a i n i t i c  a l l o y s  exh ib i t ed  l a r g e  increases i n  y i e l d  s t rength  and corresponding 

I n  canparison. t h e  9 and 12 C r  s t e e l s  showed on l y  minor changes i n  s t reng th  and e longat ion  as 
However. t h e  12 C r  s t e e l s  provided h igher  inherent  st rength.  

The evidence of minor increases i n  s t reng th  i n  9 C r  a l l o y s  f o l l ow ing  t he  decreases 

The e f f e c t  o f  i r r a d i a t i o n  on OBTT Charpy response i s  summarized i n  F igure  2 and i n  Table 3. F igure  2 

The data a re  arranged according t o  C r  content; t h e  2 C r  s tee l  i n  F igure  
shows Charpy impact curves f o r  one t h i r d  s i z e  precracked m in ia tu re  Charpy specimens before and a f t e r  
i r r a d i a t i o n  t o  10 dpa a t  365T .  
2 b  t h e  7 t o  9 C r  s t e e l s  i n  F igu re  Zb and t h e  12  C r  s t e e l s  i n  F igure  2c. 
t h a t  t h e  7 t o  9 C r  s t e e l s  a re  b e t t e r  behaved than t h e  2 o r  12 C r  s teels.  The s h i f t  i n  d u c t i l k t C r b r i t t l e  
t r a n s i t i o n  temperature (OETT) due t o  i r r a d i a t i o n  i s  much smal ler  and t h e  i n i t i a l  upper s h e l f  energies 
(USE) a re  genera l l y  higher. 
s t e e l s  i s  o f  l i t t l e  consequence. 
f o r  t h e  2 C r  s teel .  t h e  DBTT f o l l o w i n g  i r r a d i a t i o n  was above t h e  c a p a b i l i t y  of t h e  t e s t  apparatus. 
t a b u l a t i o n  of r e s u l t s  i n  Table 3 demonstrates t h a t  t h e  7 t o  9 C r  s t e e l s  gave s h i f t s  i n  DBTT due t o  
i r r a d i a t i o n  of 20 t o  60°C whereas 12 C r  s t a b i l i z e d  s t e e l s  gave s h i f t s  on t h e  order  o f  200°C (and t h e  2 C r  
s tee l  s h i f t  cou ld  n o t  be measured). I n  a l l  cases where r e s u l t s  were obtained, t h e  decrease i n  USE was o f  
l i t t l e  concern. 

From F igure  2, i t  i s  apparent 

Therefore, t h e  l a r g e r  decrease observed i n  USE due t o  i r r a d i a t i o n  fo r  9 C r  
The s h i f t  i n  DBTT fo r  t h e  12 C r  s t a b i l i z e d  s t e e l s  i s  much la rger .  and. 

The 

Therefore. based on CBTT response, t h e  7 t o  9 C r  a l l o y  c l a s s  i s  super ior .  

3 *- 
; E  9 

y=. 

200 300 i 
100 L 

0 
-200 300 

TEMPERATURE ('C) TEMPERATURE ('C) TEMPERATURE ('C) 

llyy ) Y L I # I J  

Fig. 2. Normalized f r a c t u r e  energy as a f u n c t i o n  of t e s t  temperature f o r  one-th i rd s i z e  precracked Charpy 
specimens o f  (a)  2-1/4 C r  s teel .  (b )  7 t o  9 C r  s t e e l s  and ( c )  Mn s t a b i l i z e d  12 C r  s tee ls .  I n  
each case. t h e  behavior f o l l ow ing  i r r a d i a t i o n  t o  10 dpa a t  3 6 5 T  (c losed symbols) can be canpared 
w i t h  t h e  con t ro l  behavior (open symbols). 

Fractographic examinations have been performed on several o f  t h e  specimens f o r  which r e s u l t s  a re  shown 
i n  F igu re  2. The examinations revealed tha t .  i n  several cases. t h e  b r i t t l e  f r a c t u r e  mode changed from 
t ransg ranu l z r  cleavage t o  i n t e r g r a n u l a r  cleavage as a r e s u l t  o f  i r r a d i a t i o n .  However. d u c t i l e  f a i l u r e  
remained t ransgranu lar .  Th is  i s  shown i n  F igure  3 which provides canparison o f  u n i r r a d i a t e d  and 
i r r a d i a t e d  specimen f r a c t u r e  surfaces adjacent  t o  t h e  f a t i g u e  precrack f o r  t e s t  t w p e r a t u r e s  near t h e  
DBTT. I n  each case, t h e  precrack was on t h e  l e f t ,  b u t  t h e  b r i t t l e  f r a c t u r e  sur face f i l l s  most of the 
fractograph. F igu re  3a compares u n i r r a d i a t e d  and i r r a d i a t e d  2Cr-1.5V and shows t h a t  b r i t t l e  f r a c t u r e  
appearance i s  unaffected by i r r a d i a t i o n .  
and 9Cr-1WV. For t h e  7 C r  a l loy ,  b r i t t l e  f r a c t u r e  i n  both un i r rad ia ted  and i r r a d i a t e d  specimens i s  by 
t ransgranu lar  cleavage, whereas i n  t h e  9 C r  a l loys ,  t h e  f r a c t u r e  mode changes from predominantly b r i t t l e  
t ransgranu lar  cleavage i n  u n i r r a d i a t e d  specimens t o  predaninant ly  i n t e r g r a n u l a r  cleavage fOllOwing 
i r r a d i a t i o n .  
i r r a d i a t i o n ,  a change i n  f r a c t u r e  mode d i d  occur. i n d i c a t i n g  t h a t  i r r a d i a t i o n  weakened g r a i n  boundary 
cohesion i n  canparison w i t h  t h e  g r a i n  i n t e r i o r s .  F igures  3e and f prov ide  s i m i l a r  comparisons f o r  1Xr-  
6Mn-1V and lZCr-6Mn-lWV s t e e l s  respec t ive ly .  I n  both cases, b r i t t l e  f a i l u r e  i s  l a r g e l y  by t rans-  
g ranu lar  cleavage f o r  u n i r r a d i a t e d  Specimens b u t  i s  due t o  cleavage a t  g r a i n  boundaries f o l l ow ing  
i r r a d i a t i o n .  
i nd i ca tes  t h a t  excess tungsten i s  probably no t  responsib le.  

F igu re  3b, c and d prov ide  s i m i l a r  canparison o f  7Cr2W. 9Cr-lV 

Therefore, although t h e  Charpy response i n  t h e  9 C r  a l l o y s  was n o t  g r e a t l y  a f f ec ted  by 

However, t h e  observat ion t h a t  no change i n  f r a c t u r e  mode occurs f o r  t h e  7Cr-2W a l l o y  
A more I l k  y exp lanat ion  i s  t h a t  manganese 

add i t i ons  a re  responsible, as has been shown i n  a s i m i l a r  a l l o y  ser ies.  ?A 
Mic ros t ruc tu ra l  examinations have been performed on l o w  a c t i v a t i o n  f e r r i t i c  a l l o y s  f o l l o w i n g  

i r r a d i a t i o n  a t  t e s t  temperatures fran 365 t o  600'C and t o  doses as h igh  as 115 dga. The specimen m a t r i x  
cons i s t  d 
34 dpa 18p1g and of a l l o y s  G l u X  and G M X  o l l ow ing  i r r a d i a t i o n  a t  365 C t o  11 dpa. a t  426 C t o  33 dpa. t o  
520°C t o  34 dpa. and t o  600°C t o  34 dpa.I8 Examinations have shown t h a t  l o w  a c t i v a t i o n  f e r r i t i c  a l l o y s  
a re  a f f ec ted  by r a d i a t i o n  over t h e  f u l l  range o f  temperatures examined. 

f a l l o y s  L1  t o  L9 i r r a d i a t e d  a t  -42OOC t o  9.8, 43 and 114 dpa. a t  420 C t o  14 dpa and 600 C t o  

Fo l lowing  i r r a d i a t i o n  a t  365 and 
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Twelve C r  a l l oys  were found t o  represent an intermediate case. Void swel l ing was found t o  develop 
a f t e r  40 dpa. and a f t e r  115 dpa swel l ing was extensive i n  t he  12Cr-1V a l l o y  L8. but  s t i l l  i n  t he  
incubation stage i n  t he  12Cr-lWV a l loy  L9. The p rec ip i ta te  s t ructure included a f i n e  d i s t r i bu t i on  o f  
equiaxed par t i c les  on the order 10 run i n  diameter which were nonuniformly d is t r ibu ted  fran one martensite 
l a t h  t o  t h e  next. 
coarsening t o  higher dose. 
character is t ics  and s i m i l a r i t i e s  w i th  behavior i n  other 12Cr steels.3P Examples o f  these microstructures 
are provided i n  Figure 8 showing precipi tate,  void and d is locat ion structures w i t h i n  l a t hs  fol lowing 
i r r ad i a t i on  t o  43 dpa a t  420'C. For example. Figure 8a shows t he  qu iaxed  p rec ip i ta te  nonuniformly 

The p rec ip i ta te  was present a f t e r  15 dpa and renained s tab le  w i th  only minor 
It ha5 been iden t i f i ed  as Cr  r i c h  a' bas on dark f i e l d  lmaging 
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F ig .  7. I 

the d i s t r i b u t  
network struc‘ 
change t o  t he  

Fol 1 w i n g  
void swel l ing 
d is locat ion 11 
carbon and. tl 
near gra in  bo1 
I n  general, tl 
analysis o f  e: 
developed a dl 
12 C r  a l loys i 
t o  20 percent 
swel l ing beha? 

A l l  a l l oy  I 
rearrangement 
carbide and SI 
strength. H a  
carbides. Thi 

ion o f  pa r t i c l es  i s  d i f fe ren t  i n  neighboring laths. 
ture and i n  each micrograph one vo id  can be ident i f ied. 
l a t h  boundary carbide d is t r ibut ions.  

f r r ad i a t i on  a t  520°C. t he  a l l o ys  were found t o  be r e l a t i ve l y  unaffected by i r rad ia t ion.  No 
was observed i n  ba tn t te  o r  martensite and only a few examples o f  i r r ad l a t i on  induced 

~ o p s  were found. The exception was i n  t he  case of GMX, a 1CCr-lW a l loy  w i th  neg l ig lb le  
rerefore. containing mainly de l ta  f e r r i t e .  where void and d is locat ion evolut ion was found 
mdaries and where voids were generally elongated and associated w i th  p rec ip i ta te  part ic les. 
re carbide s t ructure was s im i la r  t o  the pre- i r rad ia t ion structure. However. canposit ional 
gtracted pa r t i c l es  revealed unexpected phases and carbide compositions. The 2Cr0.5V a l loy  
aninant p rec ip i ta te  phase equally r i c h  i n  Fe and C r  w i t h  minor addit ions o f  V. Also. 9 and 
:ontaining W were found t o  have developed M C6 compositions w i th  W l eve ls  i n  t he  range 10 . 
r lor .  

nicrostructures were a l te red  considerably due t o  i r r ad ta t i on  a t  6000C. 
of martensite l a t h  boundaries i n t o  more equiaxed subgrain structures w i th  concurrent 

ubgrain coarsening. 
lever. a l l oys  containing high Mn had developed f a u l t  structures of ten i n  regions containing 
35.3 structures were more prevalent i n  1 2 C r l W V .  Examples o f  the f a u l t s  are shwn i n  Figure 

Dislocat ion evolut ion has developed a 
More d i f f t c u l t  t o  i den t i f y  was 

The observation o f  vo id  formation i n  GH??indicates t ha t  W addit ions can enhance void 

The major ef fect was 

This coarsening was undoubtedly responsible f o r  observed losses i n  
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9 w i t h  a reg ion  compared i n  b r i g h t  f i e l d  and m a t r i x  dark f i e l d  cont ras t .  
t h a t  t h e  f a u l t s  a re  s tack ing  f a u l t s  i n  aus ten i t e  and. therefore,  aus ten i t e  i s  forming du r i ng  I r r a d i a t i o n  
a t  600°C. 
disadvantage of lower ing  t h e  Acl temperature ( t h e  temperature a t  which one gets  aus ten i t e  on heat ing1 t o  
below 600°C. 

Dlscusslcn 

A reasonable exp lanat ion  i s  

Th i s  exp lanat ion  i nd i ca tes  t h a t  Mn add i t i ons  on t h e  o rde r  of  6 percent  have t h e  added 

Although on l y  a small  f r a c t i o n  o f  t h e  a l l o y  composit ions l i s t e d  I n  Table 1 has been tes ted  o r  examined 
f o l l o w i n g  f a s t  neutron i r r a d i a t i o n .  s u f f i c i e n t  in fo rmat ion  has been obtained t o  p rov ide  reasonable 
p r e d i c t i o n s  o f  performance f o r  each o f  t h e  a l l o y  classes. The impor tan t  r e s u l t s  obta ined can be 
summarized as fo l lows.  The ZCr-1V a l l o y  c l a s s  i s  i nhe ren t l y  suscept ib le  t o  p r e c i p i t a t i o n  hardening 
f o l l w i n g  i r r a d i a t i o n  a t  420% and t o  excessive so f t en ing  f o l l w i n g  i r r a d i a t i o n  a t  585'C. Based on 
observed behavior i n  2 CrlMo,22*23 i t  can be a n t i c i p a t e d  t h a t  s i m i l a r  p r e c i p l t a t i o  hardening w i l l  occur 
i n  2Cr-lW a l l o y  systems as we l l .  Experiments a re  I n  progress t o  v e r i f y  t h i s  point .8 Therefore. although 
2Cr-1W may prov ide  b e t t e r  h i gh  temperature strength. it i s  n o t  l i k e l y  t h a t  s u f f i c i e n t  improvements i n  
performance w i l l  be obtained t o  make t h e  2Cr a l l o y  c l a s s  v i a b l e  f o r  f us ion  reac to r  app l ica t ions .  

The 12 C r  a l l o y s  which a re  s t a b i l i z e d  w i t h  add i t i ons  of  Mn can a l so  be e l im ina ted  a5 p o t e n t i a l  low 
a c t i v a t i o n  f us ion  a l l oys .  Although t e n s i l e  p rope r t i es  a re  genera l l y  b e t t e r  than those i n  lower C r  
a l loys .  impact p rope r t i es  are s u f f i c i e n t l y  degraded f o l l o w i n g  i r r a d i a t i o n  t o  cause concern. 

$;Iso, fo rmat ion  o f  aus ten i t e  and I n t e r m e t a l l i c  c h i  phase i n  such alloys19. and reduced we ldab i l i t y .  I n d i c a t e  
t h a t  Mn add i t i ons  t o  12 C r  s t e e l s  do no t  p rov ide  a v i a b l e  canpos i t ion  range f o r  l o w  a c t i v a t i o n  s tee ls .  
I n s u f f i c i e n t  in fo rmat ion  i s  a v a i l a b l e  t o  p rov ide  p r e d i c t i o n  o f  behavior f o r  12 C r  a l l o y s  s t a b i l i z e d  w i t h  
carbon. Carbon l e v e l s  on t h e  order  o f  0.2 percent  a re  possible, g i v i n g  good t e n s i l e  and h igh  temperature 
proper t ies ,  Impact p rope r t i es  f o l l w i n g  i r r a d i a t i o n  a r e  o f  most concern. Tests a r e  being i n i t i a t e d  on a 
good heat  o f  GA4X, llCr-2.5WV w i t h  0.15C. b u t  it w i l l  be several  years be fore  r e s u l t s  a re  ava i lab le .  

The 7 t o  9 C r  a l l o y s  appear most promis ing f o r  l w  a c t i v a t i o n  f us ion  reac to r  app l ica t ions .  The a l l o y s  
have good t e n s i l e  and impact p roper t ies ,  both p r i o r  t o  and fo l l ow ing  i r r a d i a t i o n .  good res i s tance  t o  
phase i n s t a b i l i t y  du r i ng  I r r a d i a t i o n  and S u f f i c i e n t  h igh  temperature st rength.  They a re  expected t o  be 
s u f f i c i e n t l y  cor ros ion  res i s tan t .  However, 
dimensional changes due t o  I r r a d i a t  on induced swe l l i ng  i n  f e r r i t i c  a l l o y s  a r e  expected t o  remain small  
because swe l l i ng  r a t e s  a re  so low,2i and, therefore. swe l l i ng  res is tance i s  n o t  expected t o  be a major 
cons idera t ion  f o r  these a l loys .  Comparisons between V and W a l l o y i n g  add i t i ons  i n d i c a t e  t h a t  h igher  W 
l e v e l s  a re  super ior .  I n  fact, r e s u l t s  t o  da te  I n d i c a t e  t h a t  W l e v e l s  on t h e  order  o f  2 percent  work very 
e f f ec t i ve l y .  Concerns about phase i n s t a b i l i t y .  such a Fe-Cr-W c h i  phase formation. have proven t o  be 
groundless, a t  l e a s t  t o  doses on t h e  order o f  30  dpa.18 Therefore. t h e  most p r m i s i n g  composi t ion 
developed t o  da te  appears t o  be 7 t o  9Cr-2WV. 

The major detr iment  t o  t h e i r  use i s  v o i d  swe l l ing .  

CONCLUSIONS 

A broad range of l w  a c t i v a t i o n  f e r r i t i c  a l l o y s  a r e  possib le.  Low a c t i v a t i o n  b a i n i t i c  a l l o y s  I n  t h e  
Fe- Xr c m p o s l t l o n  range. m a r t e n s i t i c  a l l o y s  i n  t h e  Fe-7 t o  9Cr range and s t a b i l i z e d  m a r t e n s i t i c  a l l o y s  
i n  t h e  F c l X r  range have been success fu l l y  fabr ica ted  and a re  undergoing t e s t i n g  on an i n t e r n a t i o n a l  
l e v e l .  Hwever, i t i s  found t h a t  i r r a d i a t i o n  s i g n i f i c a n t l y  degrades t h e  p rope r t i es  o f  b a i n i t l c  and 
s t a b i l  l zed  m a r t e n s i t i c  a1 loys. B a l n l t l c  a l l o y s  con ta in i ng  vanadium develop severe hardening due t o  
I r r a d i a t i o n  induced p r e c i p i t a t i o n  a t  temperatures below 4509: and extreme so f t en ing  due t o  carb ide  
coarsening a t  temperatures above 500%. S t a b i l i z e d  m a r t e n s i t i c  a l l o y s  which r e l y  on manganese add i t i ons  
t o  p rov ide  a f u l l y  m a r t e n s i t i c  m ic ros t ruc tu re  a re  e m b r i t t l e d  a t  g r a i n  boundarles f o l l o w i n g  i r r a d i a t i o n  
l ead ing  t o  severe degradat ion o f  tmpact p roper t ies .  The most p r m i s i n g  composi t ion regime appears t o  be 
t h e  Fe-7 t o  9 C r  range w i t h  tungsten add i t i ons  i n  t h e  2% range where h igh  temperature mechanical 
p rope r t i es  and m ic ros t ruc tu ra l  s t a b i l i t y  a re  re ta ined  and impact p rope r t i es  a r e  r e l a t i v e l y  unaffected by 
i r r a d i a t i o n .  
problem. 

The h ighe r  v o i d  s w e l l i n g  behavior observed I n  these a l l o y s  I s  n o t  expected t o  be a major 

FUTURE WORK 

Reports desc r i b i ng  m ic ros t ruc tu ra l  development a t  115 dpa i n  g rea te r  d e t a i l  and t e n s i l e  behavior a t  75 
dpa w i l l  fo l low. 
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THE DEVELOPMENT OF FERRITIC STEELS FOR FAST INDUCED-RADIOACTIVITY DECAY -- R. L. Klueh, 0. J. Alexander, 
and W. R. Corwin (Oak Ridge Nat ional  Laboratory)  

OBJECTIVE 

Induced r a d i o a c t i v i t y  i n  t he  f i r s t - w a l l  and b l anke t- s t ruc tu re  ma te r i a l s  w i l l  make these components 
h i g h l y  r a d i o a c t i v e  a f t e r  t h e i r  se r v i ce  l i f e t i m e ,  l ead ing  t o  d i f f i c u l t  r ad ioac t i ve  waste-management problems. 
One way t o  minimize t he  d isposal  problem i s  t o  use s t r u c t u r a l  ma te r i a l s  i n  which rad ioac t i ve  isotopes 
induced by i r r a d i a t i o n  decay qu i ck l y  t o  l e v e l s  t h a t  a l l ow  s i m p l i f i e d  d isposal  techniques. 
t h e  f e a s i b i l i t y  of developing such f e r r i t i c  s tee ls .  

We are  assessing 

SUMMARY 

Charpy impact t e s t s  were made on e i g h t  heats of normalized-and-tempered chromium-tungsten s t e e l  t h a t  
conta ined var ious  l e v e l s  of chromium, tungsten, vanadium, and tantalum. 
these s tee l s  was found t o  compare favorably w i t h  t he  p rope r t i es  o f  analogous chromium-molybdenum s tee l s  t h a t  
a re  p resen t l y  being considered as candidate s t r u c t u r a l  ma te r i a l s  f o r  fus ion- reactor  app l i ca t ions .  

The impact behavior  o f  several  of 

PROGRESS AN0 STATUS 

I n t r o d u c t i o n  

We have cont inued t he  s tud ies  t o  charac te r ize  e i g h t  heats of f e r r i t i c  s t e e l  designed f o r  f as t  induced- 
r a d i o a c t i v i t y  decay (FIRD).*-5 
i n t e r e s t  f o r  fus ion- reac tor  app l i ca t i ons  --  namely, 244Cr-lM0, gCr-lMoVNb, and 12Cr-1MoVW steels.  
changes f o r  t he  chromium-molybdenum s tee l s  i nvo l ve  t he  replacement o f  molybdenum by tungsten, t h e  use o f  
vanadium i n  a 244% C r  s tee l ,  and t he  replacement o f  niobium i n  t h e  9% C r  s t ee l  by tantalum. (Al though tan-  
ta lum can be used i n  a FIR0 s tee l ,  t he  decay of i t s  t ransmuta t ion  products immediately a f t e r  i r r a d i a t i o n  i n  
a f as t -  o r  mixed-spectrum reac to r  makes such a s tee l  d i f f i c u l t  t o  study. Therefore, few, if any, i r r a d i a t e d  
t ransmiss ion  e l e c t r o n  microscopy s tud ies  w i l l  be performed on s tee l s  con ta i n i ng  tantalum.) 

r epo r t ,  t he  impact behavior  as determined from Charpy impact t e s t s  w i l l  be presented. 

These s tee l s  were pa t te rned on t he  chromium-molybdenum s tee l s  t h a t  are of 
The major 

We p rev ious l y  presented p re l im ina ry  m i c r o s t r u c t u r a l 5  and t e n s i l e  data2.4 on these s tee ls .  I n  t h i s  

Experimental procedure 

Table 1. 
t i o n  o f  t he  heats.3 

The nominal composit ions of t h e  major elements f o r  t he  e i g h t  heats of s t ee l  under study a re  g iven i n  
De ta i l ed  chemical composit ions have been presented p r e v i ~ u s l y , ~  as w e l l  as d e t a i l s  on t he  prepara-  

Table 1. Proposed nominal composit ions f o r  f a s t  induced- 
r a d i o a c t i v i t y  decay s tee l  development program 

Nominal Chemical Compositiond (wt  9 )  
A l l o y  

C r  W V Ta C 

21/qCrV 2.25 0.25 0.1 

21/qCr-lwV 2.25 1 0.25 0.1 

244Cr-2W 2.25 2 0.1 

21/qCr-2WV 2.25 2 0.25 0.1 

5Cr-2WV 5 2 0.25 0.1 

9Cr-2WV 9 2 0.25 0.1 

9Cr-2WVTa 9 2 0.25 0.12 0.1 

12Cr-2VW 12 2 0.25 0.1 
Qalance i ron.  

Tests were made on normalired-and- 
tempered s tee l .  The 2.25Cr-2W s t e e l  was nor-  
mal ized  by anneal ing 1 h a t  900OC and a i r  
coo l ing .  The o the r  seven heats were annealed 
1 h a t  1050°C and a i r  cooled; t he  h igher  tem- 
pera tu re  was used f o r  these s tee l s  t o  assure 
t h a t  any vanadium carb ide  present  was 
d i sso l ved  du r i ng  t he  aus ten i t i za t i on .  Two 
tempering t reatments were tes ted :  1 h a t  
70OoC and 1 h a t  750OC ( t h e  on ly  except ion t o  
these tempering temperatures was f o r  t he  
2%Cr-lWV s tee l ,  which was tempered 1 h a t  
725'C and 1 h a t  750'C). 

normalized-and-tempered 15.9-m-thick p la te .  
Specimens were made i n  accordance w i t h  ASTM 
s p e c i f i c a t i o n  E 23 w i t h  dimensions of 10 by 
10 by 55 mn; specimens conta ined a 2-mn-depp. 
45-deg V-notch w i t h  a 0.25-mm-root radius. 
A l l  specimens were taken a long t he  r o l l i n g  
d i r e c t i o n  w i t h  t he  notch running t ransverse  
t o  t he  r o l l i n g  d i r e c t i o n  (L-T o r i e n t a t i o n ) .  

Impact specimens were made from 
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Each i n d i v i d u a l  Charpy da ta  set  was f i t t e d  t o  a hyperbo l i c  tangent  func t ion  f o r  ob ta i n i ng  t h e  t r a n s i t i o n  
temperature and upper- shel f  energy. 

Resul ts  

A summary o f  the  data i s  g iven i n  Table 2, where t he  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (OBTT) and 
t h e  upper- shel f  energy (USE) a re  g iven f o r  each s tee l .  The OBTT values g iven i n  t he  t a b l e  were determined 
a t  41 and 68 J l e v e l s ;  l a t e r a l  expansion measurements were a l s o  made. 

Table 2. Impact p rope r t i es  o f  FIR0 s tee l s  

Impact Proper t iesa  

21/4CrV 700 85 86 85 240 
750 66 69 70 318 

21/4Cr-lWV 725 52 53 52 220 
7 50 8 23 38 340 

21/qCr-2W 700 24 24 12 260 
7 50 -41 -30 - 31 324 

21/qCr-2WV 700 85 110 112 131 
7 50 31 31 31  265 

50-2WV 700 -61 4 6  -46 219 
750 -9 7 -76 - 8 3  259 

9Cr-2WV 700 7 26 33 157 
7 50 - 6 9  4 8  4 2  217 

9Cr-2WVTa 700 4 7  -24 -20 181 
750 -95 -78 -a2 258 

9Cr-1MoVNb 700 56 68 68 161 
750 27 41 41  199 

12Cr-1MoVW 700 33 68 64 99 
750 4 29 26 115 

12Cr-2WV 700 11 20 19 168 
7 50 -1 3 -2 -24 193 

a T T 4 1 ~  i s  41-5 (30 f t - l b )  t r a n s i t i o n  temperature; 
TT6BJ i s  68-5 (50 f t - l b )  t r a n s i t i o n  temperature; TTLE i s  
l a t e r a l  expansion t r a n s i t i o n  temperature as determined 
by 0.889-mm expansion; USE i s  upper- shel f  energy. 

b A l l  s t ee l s  were tempered 1 h; be fo re  tempering a l l  
b u t  t he  2v4Cr-2W were normalized a t  1050°C; t he  2Y4Cr-2W 
was normalized a t  900OC. 

Impact curves a re  shown i n  Fig.  1 f o r  
t h e  21/4 C r  s t ee l s  tempered a t  750°C. The 
2Y4Cr-2W s tee l  had t he  lowest  OBTT and h ighest  
USE. For t he  vanadium-containing 21/4 C r  
s t ee l s ,  t he  s tee l  w i t hou t  tungsten had t he  
h ighes t  OBTT, fol lowed by 21/qCr-lWV and 
21/qCr-2WV s tee ls ,  which were s i m i l a r .  
s c a t t e r  was q u i t e  l a r g e  f o r  t h e  21/qCr-lWV 
s t e e l ,  and t he  one h igh  p o i n t  we l l  removed 
from the  t rend  o f  t he  o the r  data p o i n t s  
caused t h i s  curve f i t t o  have a lower DBTT 
t han  would have been t he  case i f  t h i s  p o i n t  
had no t  been inc luded.  
700°C (Table 2),  t he  2Y4Cr-2W s tee l  again had 
t h e  bes t  combination of DBTT and USE. 
21/qCr-2WV s tee l  had t h e  worst  p rope r t i es  f o r  
these tempering cond i t ions .  However, t h e  
DBTT values of a l l  f o u r  s t ee l s  were con- 
s i de rab l y  above those obta ined a f t e r  tem- 
pe r i ng  a t  750°C. 

I n  Fig. 2. impact curves f o r  t h e  h igh-  
chromium s t e e l s  tempered a t  75OOC are shown. 
A l l  o f  t he  s tee l s  had OBTT values w e l l  below 
room temperature; t h e  5Cr-2WV and 9Cr-2WVTa 
had p rope r t i es  t h a t  were super io r  t o  those o f  
t h e  9Cr-2WV and 12Cr-2WV s tee ls ,  a l though t he  
l a t t e r  s t e e l s  had exce l l en t  p r o p e r t i e s  a f t e r  
t h e  750°C temper. A f t e r  tempering a t  7OO0C. 
t h e  r e l a t i v e  behavior  o f  t he  d i f f e r e n t  s t e e l s  
remained t he  same (Table 2). bu t  t h e  OBTT was 
h igher  and t he  USE lower than  a f t e r  tempering 
a t  75OOC. 

For comparison, Charpy impact t e s t s  were 
conducted on the 9Cr-1MoVNb and 12Cr-1MoVW 
s t e e l s  (Table 2). F u l l - s i z e  Charpy specimens 
were machined from 15.9-mm-thick p l a t e s  t h a t  
had been aus ten i t i zed  1 h a t  1O5O0C. a i r  cooled 
and tempered 1 h a t  700OC and 1 h a t  75OOC - 
t h e  i d e n t i c a l  heat t reatments used f o r  t he  
impact specimens o f  t he  experimental s tee ls .  A 
tempered mar tens i te  m i c ros t ruc tu re  r e s u l t e d  f o r  
both of t h e  Cr-Ma s tee l s  a f t e r  such heat 
treatments. 

Data 

When tempered a t  

The 

A comparison o f  t he  p rope r t i es  f o r  t h e  Cr-Mo s tee l s  and t h e  high-chromium Cr- W s tee l s  i nd i ca ted  t h a t  
t h e  Cr-W s tee l  values were b e t t e r  than  those f o r  Cr-Mo s tee l s  (Table 2). I n  Fig. 3, a comparison i s  shown 
a f t e r  t he  750'C temper f o r  t he  two Cr-Ma s tee l s  and t h e i r  Cr- W analogs -- t h e  9Cr-2WVTa and 12Cr-2UV steels.  
The 9Cr-2WVTa had t he  best  p roper t ies ,  bu t  t he  12Cr-2WV s tee l  a l s o  had b e t t e r  p rope r t i es  than those of t he  
9Cr-1MoVNb and 12Cr-1MoVW s tee ls .  
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F ig .  1. The Charpy V-notch impact curves f o r  21/qCrV, Z%Cr- lWV,  
2I/4Cr-ZW, and 2I/4Cr-2WV s t e e l s ;  a l l  s t e e l s  were tempered 1 h a t  750°C. 
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Fig. 2. The Charpy V-notch impact curves f o r  5Cr-ZWV. 9Cr-ZWV, 
gCr-ZWVTa, and 12Cr-2WV s t e e l s ;  a l l  s t e e l s  were tempered 1 h a t  750'C. 

D iscuss ion  

Normalized-and- tempered m i c r o s t r u c t u r e s  of t h e  e i g h t  s t e e l s  t e s t e d  i n  t h i s  s tudy  have been 
discussed.l.5 
p r o e u t e c t o i d  f e r r i t e .  
-55% tempered b a i n i t e  and 45% f e r r i t e .  
s t e e l s :  t h e  21/qCr-ZW s t e e l  was e s s e n t i a l l y  100% b a i n i t e  and t h e  2I/4Cr-2WV s t e e l  con ta ined  15 t o  20% polygonal  
f e r r i t e . '  

The 21/qCrV a l l o y  had 30 t o  35% tempered b a i n i t e ,  w i t h  t h e  remainder be ing  polygonal  o r  

Less polygonal  f e r r i t e  was observed i n  t h e  21/qCr-2W and 2I/4Cr-ZWV 
For t h e  composi t ion w i t h  1% W -- t h e  ZV4Cr-lWV s t e e l  -- t h e  m i c r o s t r u c t u r e  con ta ined  
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Fig. 3. A comparison of t h e  Charpy V-notch impact curves f o r  
9Cr-2WVTa and 12Cr-2WV s tee l s  w i t h  t he  curves f o r  9Cr-1MoVNb and 
12Cr-1MoVW s tee l s ;  a l l  s t ee l s  were tempered 1 h a t  75OPC. 

The 5Cr-ZWV, 9Cr-ZWV. and 9Cr-2WVTa s t e e l s  were 100% tempered martensi te. '  However, t he  12Cr-2WV s tee l  
conta ined approximately  25% d e l t a - f e r r i t e ,  w i t h  t he  balance being martensi te.  The on ly  major d i f f e r e n c e  i n  
t h e  mar tens i te  of these f o u r  s t ee l s  was t h a t  t he  9Cr-2WVTa had a much f i n e r  p r i o r  aus ten i t e  g r a i n  s i ze  than 
t h e  o the r  t h ree  steels. '  
s t ee l s  were compared were 100% tempered mar tens i te  a f t e r  normal iz ing  and tempering.' 

neutrons, t he  OBTT of t he  12Cr-1MoVW s tee l  can inc rease by over 200"C.637 Therefore, i t  i s  des i r ab le  t h a t  
any s tee l  used f o r  such app l i ca t i ons  have as low a DBTT as poss ib le .  

s t e e l s  f o r  s i m i l a r  heat t reatments (Table 2),  t h e  p rope r t i es  of t h e  5Cr-2WV, 9Cr-2WV, 9Cr-ZWVTa. and 12Cr- 
2WV s tee l s  Were supe r i o r  t o  those f o r  9Cr-1MoVNb and 12Cr-1MoVW s tee ls .  However, t h e  r e s u l t s  i n  Table 2 fo r  
t h e  Cr-Mo s tee l s  a re  not  f o r  these s tee l s  heat t r e a t e d  t o  ob ta i n  optimum impact p roper t ies .  A OBTT o f  -50°C 
and a USE of 255 J were obta ined f o r  t h i s  heat of 9Cr-1MoVNb s tee l  when i t  was aus ten i t i zed  1 h a t  1038OC 
and tempered f o r  1 h a t  760'C.' 
pered 2.5 h a t  780°C. a DBTT o f  -2.4OC and a USE o f  115 J were obtained,8 which i s  s i m i l a r  t o  t he  values 
obta ined f o r  t he  12Cr-2WV s tee l  i n  t h e  present  work, even though t he  12Cr-2WV s tee l  conta ined 25% d e l t a  
f e r r i t e .  
however, t h a t  heat- treatment v a r i a t i o n s  f o r  t he  C r- W  s tee l s  cou ld  a l s o  lead t o  an improvement of t he  proper-  
t i e s  o f  these s tee ls .  

The m ic ros t ruc tu res  o f  t he  9Cr-1MoVNb and 12Cr-1MoVW s tee l s  t o  which t he  Cr-W 

For fus ion- reac to r  app l i ca t i ons ,  t he  impact p rope r t i es  a re  expected t o  be c r u c i a l .  When i r r a d i a t e d  by 

When t h e  r e s u l t s  f o r  t he  Cr-W s tee l s  were compared aga ins t  the  r e s u l t s  f o r  9Cr-1MoVNb and 12Cr-1MoVW 

For t he  same heat of 12Cr-1MoVW s tee l  a u s t e n i t i z e d  1 h a t  1O5O0C and tem- 

For o ther  heats of 12Cr-1MoVW s tee l ,  somewhat b e t t e r  values were obtained.8 It should be noted. 

I n v e s t i g a t o r s  have concluded t h a t  small amounts o f  d e l t a - f e r r i t e 9 * 1 0  and such f e r r i t e  accompanied by 
carbides a t  t h e  f e r r i t e - m a r t e n s i t e  boundaries10 cause an increase i n  t he  DBTT and a decrease i n  t he  USE i n  
12Cr-1MoVW s tee l .  An inc rease i n  t he  DBTT o f  about 25OC was observed f o r  1% d e l t a - f e r r i t e g  and an increase 
o f  30 t o  50°C was observed when about 5% d e l t a  f e r r i t e  was present  i n  t he  microstructure.10 
impact p rope r t i es  of t h e  12Cr-2WV s tee l  con ta i n i ng  25% d e l t a - f e r r i t e  were no t  as good as those of t he  5 C r  
and 9 C r  s t ee l s  t h a t  Were e n t i r e l y  m a r t e n s i t i c  (Fig. 2). they  were supe r i o r  t o  t h e  Cr-Mo s t e e l s  heat t r ea ted  
s i m i l a r l y  (F ig.  3). When t he  r e s u l t s  f o r  t he  12Cr-2WV s tee l  a re  compared w i t h  those fo r  t he  12Cr-lMoVW, t he  
i n d i c a t i o n  i s  t h a t  i t  must be m r e  than t h e  d e l t a - f e r r i t e  i n  t h e  12Cr-1MoVW s tee l  t h a t  causes t he  d e t e r i o r a -  
t i o n  i n  p roper t ies .  Th is  conc lus ion  i s  supported by impact data on 9Cr-1MoVNb t h a t  conta ined about 20% 
de l ta - fe r r i te ,11-13  which a l so  had super io r  p rope r t i es  t o  those of 12Cr-1MoVW s tee l .  
p l u s  those of t he  present  study i n d i c a t e  t h a t  t he  i n f e r i o r  p rope r t i es  of t he  12Cr-1MoVW s tee l  a re  not  caused 
by t he  d e l t a - f e r r i t e ,  b u t  may be due t o  t he  higher-carbon content  o f  t he  12Cr-1MoVW s tee l  ( t h e  12Cr-1MoVW 
s t e e l  conta ins 0.2% C aga ins t  -0.1% C f o r  t he  12Cr-2WV s t e e l ) .  
p r 0 p e r t i e s . 1 ~  
cou ld  degrade t he  impact p roper t ies .  

Although t h e  

Those r e s u l t s l l - 1 3  

Carbon i s  known t o  adversely a f f ec t  impact 
The h igher  carbon content  has been found t o  r e s u l t  i n  l a r g e  amounts o f  p r e ~ i p i t a t e , ' ~  which 
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It appears t h a t  t he  use of a duplex s t r u c t u r e  of mar tens i te  and d e l t a  f e r r i t e  should not  be ru l ed  out  
on t he  bas is  of impact p roper t ies .  
s t r eng th  was not  as good as t he  s t r eng th  of t he  9 Cr s tee l s  and t he  2VqCr-2WV stee1.2.4 

2WV s tee l  were somewhat d isappo in t ing ,  i n  view of the  exce l l en t  t e n s i l e  p rope r t i es  of t h i s  s t ee l . 2 *4  
s t r e s s  and u l t i m a t e  t e n s i l e  s t r eng th  values f o r  t h i s  s t ee l  were as good o r  b e t t e r  than those f o r  9Cr-2WV and 
9Cr-2WVTa s tee l  and approached t he  values f o r  9Cr-1MoVNb and 12Cr-1MoVW stee1.2.4 A mixed s t r u c t u r e  of tem- 
pered b a i n i t e  and polygonal f e r r i t e  -- the  m ic ros t ruc tu re  of t he  2Y4Cr-2WV s tee l  -- i s  known t o  r e s u l t  i n  
i n f e r i o r  impact behavior compared t o  a s tee l  w i t h  a m ic ros t ruc tu re  made up of a s i n g l e  cons t i tuen t .16  
may exp la i n  why t he  2Y4Cr-2W s tee l  had t h e  best  impact behavior  of the  2Y4 Cr s tee l s  (Table 2 and Fig. 3) .  

The observa t ion  t h a t  t he  impact behavior  of a b a i n i t i c  s t ee l  i s  super io r  t o  one con ta in ing  polygonal 
f e r r i t e  means t h a t  i t  should be poss ib l e  t o  improve t he  impact p rope r t i es  o f  t he  2V4Cr-2WV s t e e l  by heat 
t reatment  and by inc reas ing  t he  ha rdenab i l i t y .  By proper a l l oy i ng ,  t he  h a r d e n a b i l i t y  of the  s tee l  can be 
increased and t he  f e r r i t e  e l iminated.  F i n a l l y ,  the  type  of b a i n i t e  t h a t  forms can a lso  a f f ec t  t he  impact 
p roper t ies ;"  t h e  t ype  of b a i n i t e ,  i n  tu rn ,  depends on t he  ha rdenab i l i t y .  

However. the  12Cr-2WV s tee l  must be r u l e d  out  a t  present because i t s  

Although these s t e e l s  are s t i l l  a t  an e a r l y  stage of development, t he  impact p rope r t i es  of t he  2V4Cr- 
Y ie l d  

This 

Summary and conclus ions 

By e l i m i n a t i n g  molybdenum and niobium from s tee l s  used f o r  fus ion reac to r  s t r u c t u r a l  components, 
induced r a d i o a c t i v i t y  w i l l  decay faster ,  which w i l l  a l l ow  s impler  r ad ioac t i ve  waste-disposal techniques f o r  
these reac to r  components when they are d iscarded a f t e r  serv ice.  
(FIRD) f e r r i t i c  s t ee l s  are being developed. 
being considered as candidates f o r  fus ion- reac to r  app l i ca t i ons  -- 2V4Cr-lM0, gCr-lMoVNb, and 12Cr-1MoVW 
s tee ls .  
f o r  niobium. 

To determine t he  e f fec t  of C r ,  W ,  V, and Ta, e i g h t  heats of s tee l  were obtained. 
W (an atom-for-atom replacement of molybdenum i n  t h e  Cr-Ma s t e e l s )  and 0.25% V were produced f o r  chromium 
l e v e l s  of 2v4, 5, 9, and 12% (designated 21/4Cr-2WV, 5Cr-ZWV, 9Cr-2WV, and 12Cr-2WV). 
0.07% Ta (9Cr-ZWVTa) and 2v4 C r  s t ee l s  w i t h  0.25% V and 0 and 1% W (2V4CrV, and 2VqCr-lWV) and w i t h  2% W and 
no vanadium (2V4Cr-2W) were a l so  produced. 

9Cr-1MoVNb and 12Cr-1MoVW s tee l s  when a l l  s t ee l s  were g iven s i m i l a r  heat treatments. 
p rope r t i es  o f  the  12Cr-2WV s tee l  occurred desp i te  t he  25% d e l t a - f e r r i t e  i n  t he  mic ros t ruc tu re .  
p rope r t i es  of t he  2V4Cr-2WV s tee l ,  which had exce l l en t  t e n s i l e  p rope r t i es  r e l a t i v e  t o  t he  o ther  Cr- W s tee l s ,  
were i n f e r i o r  t o  those of the  high-chromium (5-12% Cr) s tee ls .  
t h e  development of a low-chromium FIRD s tee l  w i t h  good s t r eng th  and impact behavior should be poss ib le  w i t h  
f u r t h e r  a l l o y i n g  and proper heat t reatment .  

Such f a s t  i nduced- rad ioac t i v i t y  decay 
The s tee l s  are pat terned on t he  convent ional  f e r r i t i c  s t ee l s  

I n  these s tee l s ,  tungsten was used as a replacement f o r  molybdenum, and tanta lum was subs t i t u t ed  

A l l oys  con ta i n i ng  2% 

A 9Cr-2WV s tee l  w i t h  

Carbon was mainta ined a t  0.1% f o r  a l l  o f  t he  s tee ls .  

Impact p rope r t i es  of t he  5Cr-2WV, 9Cr-2WV, 9Cr-2WVTa, and 12Cr-2WV s tee l s  were super io r  t o  those f o r  
The exce l l en t  impact 

Impact 

This was a t t r i b u t e d  t o  mic ros t ruc tu re ,  and 
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FRACTOGRAPHIC EXAMINATION OF LCW ACTIVATION FERRITIC ALLOY CHARPY IMPACT SPECIMENS - 0. S. Ge l l es  
( P a c i f i c  Northwest Laboratory)  and N. S. Cannon (Westinghouse Hanford Company) 

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  determine t h e  a p p l i c a b i l i t y  of l o w  a c t i v a t i o n  f e r r i t i c  a l l o y s  as 
f us ion  reac to r  s t r u c t u r a l  mater ia ls .  

SUMMARY 

M in ia tu re  charpy specimens of s i x  low a c t i v a t i o n  f e r r i t i c  a l l o y s  have been f r a c t o g r a p h i c a l l y  examined 
i n  order determine t h e  e f f ec t  of i r r a d i a t i o n  on impact f r a c t u r e  behavior. 
mode due t o  i r r a d i a t i o n  was found f o r  four  of t h e  s i x  a l l oys .  
t ransgranu lar  cleavage t o  i n t e r g r a n u l a r  f a i l u r e  a t  p r i o r  aus ten i t e  boundaries. The cause i s  ascr ibed t o  
Mn add i t i ons  i n  t h e  a l l oys .  Examinations a l so  i nd i ca ted  t h a t  f o r  t h e  9Cr-1W a l loy .  t h e  DBTT as measured 
by absorbed energy measurements does n o t  agree w i t h  an exp lanat ion  based on f r a c t u r e  appearance. 
cause i s  n o t  y e t  understood. 

A change i n  b r i t t l e  f r a c t u r e  
The f r a c t u r e  mode changed from 

The 

PRM;RESS AND STATUS 

Introduction 

fo l l ow ing  i r r a d i a t i o n  t o  10 dpa a t  365°C and compared t o  un i r rad ia ted  specimei3s.l 
t h a t  a l l o y s  of conpos i t ion  Fe-2Cr-l.SV. Fe-lZCr-tiMn-lV and Fe-lZCr-6Mn-lW develop unacceptably l a r g e  
s h i f t s  i n  d u c t i l e  t o  b r i t t l e  t r a n s i t i o n  temperature (DBTTI due t o  i r r a d i a t i o n ,  Fe-9Cr-lV develops a Small 
s h i f t  and Fe-9Cr-1W and Fe-7.5Cr-2W develop n e g l i g i b l e  s h i f t s .  
energy (USE) i n  a l l  cases. 
a l l o y  C r  content. Open data p o i n t s  represent  r e s u l t s  f o r  u n i r r a d i a t e d  specimens and f i l l e d  i n  data p o i n t  
show r e s u l t s  f o r  i r r a d i a t e d  specimens. 
h i gh  OBTT p r i o r  t o  i r r a d i a t i o n ,  and, f o l l ow ing  i r r a d i a t i o n ,  t h e  DBTT was s h i f t e d  beyond t h e  l i m i t s  o f  t h e  
t e s t i n g  c a p a b i l i t y .  
s h i f t s  i n  OBTT were found due t o  i r r a d i a t i o n .  
a l l o y  c l a s s  where un i r rad ia ted  specimens gave adequate behavior p r i o r  t o  i r r a d i a t i o n  and very small  
s h i f t s  f o l l o w i n g  i r r a d i a t i o n .  

A se r i es  of one- th i rd  s i z e  low a c t i v a t i o n  f e r r i t i c  a l l o y  Charpy impact specimens has been tes ted  
The r e s u l t s  showed 

There was l i t t l e  e f f e c t  on upper she l f  
These r e s u l t s  a re  shown i n  F igure  1 which compares behavior as a f u n c t i o n  of 

From F igure  1, it can be shown t h a t  t h e  2 Cr-l.5V a l l o y  had a 

The 12Cr a l l o y s  both showed adequate behavior i n  un i r rad ia ted  specimens b u t  l a r g e  
The most promising response was found i n  t h e  7 t o  9 C r  

Th is  c l ass  a l so  provided t h e  h ighes t  USE response. 

TEMPERATURE I* 
2 0 0 0 0  :zoo .loo 0 100 200 300 

:I TUIPERANRE ('C) TEMPERATURE ('C) 

W"CY Iyu- ,aI .I  

Figure  1. Normalized f r a c t u r e  energy as a f unc t i on  o f  t e s t  temperature f o r  Charpy specimens o f  a1 2 C r  
s teel ,  b) 7 t o  9 C r  s t e e l s  and c )  Mn s t a b i l i z e d  12 C r  s t e e l s  i n c l u d i n g  u n i r r a d i a t e d  
specimens (open po in t s )  and specimens i r r a d i a t e d  at365'C t o  10 dpa (c losed po in t s ) .  
Specimens se lec ted  f o r  f rac tograph ic  examination a re  l a b e l l e d  w i t h  specimen i d e n t i f i c a t i o n  
codes. 

The purpose of t h e  present  e f f o r t  i s  t o  p rov ide  f u r t h e r  i n s i g h t  i n t o  t h e  Charpy impact response of 
i r r a d i a t e d  In, a c t i v a t i o n  f e r r i t i c  a l l o y s  by examining t h e  f r a c t u r e  surfaces o f  se lec ted  specimens. 
examination i s  one of a s e r i e s  intended t o  i d e n t i f y  changes i n  f r a c t u r e  behavior due t o  i r r a d i a t i ~ n . ~ - ~  

Th i s  

7 
Specimens se lec ted  f o r  f rac tograph ic  examination a r e  l i s t e d  i n  Table 1 w i t h  Charpy t e s t  cond i t i ons  and 

Four except ions were specimens UOb, L012, L514 and LBO2 which were t es ted  a t  

measured normalized f r ac tu re  energy. 
approximately t h e  t r a n s i t i o n  temperature so t h a t  both d u c t i l e  and b r i t t l e  f r a c t u r e  behavior cou ld  be 
examined a t  t h e  same time. 

I n  general. t h e  specimens which were se lec ted  had been tes ted  a t  
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temperatures corresponding t o  energy absorp t ion  t y p i c a l  of t h e  lower she l f .  The specimens t h a t  were 
se lec ted  are i d e n t i f i e d  i n  F igu re  1 by specimen i d e n t i f i c a t i o n  number. Experimental procedures were 
i d e n t i c a l  t o  those used previously.  

Table 1. Charpy specimens of low a c t i v a t i o n  f e r r i t i c  a l l o y s  se lec ted  f o r  f rac tograph ic  examination. 

A1 1 oy 

2Cr-1V 
- 

7.5Cr-2W 

9Cr-1V 

9Cr-1W 

12Cr-KMn-lV 

12Cr-6Mn-1W 

1.0. 

- 
u 19 
L306 

LO22 
L o l l  
LO12 

L514 
L513 
L501 

L814 
LE12 
L802 
L801 

L712 
L702 

L917 
L900 

365 12.0 
365 12.0 

Tes t  
Temp. 
( 0  C) 

150 
200 

-50 
-20 

21 

-80 
-40 

22 

-20 
20 
21  
50 

25 
210 

-6 0 
150 

- 

Normal l zed  
F rac tu re  

Ener jy  
(J /cm ) 

124 
36 

106 
161 
191 

- 

64.5 
169 
142 

125 
26 2 

46 
163 

118 
111 

110 
83.1 

Stereo f ractographs of  each of t h e  specimens which were examined a r e  d isplayed i n  F igures  2 t o  17. 
each Case, t h e  f r a c t u r e  surface created dur ing  t h e  Charpy t e s t  i s  shown w i t h  t h e  adjacent  f a t i g u e  
precrack sur face  on t h e  l e f t  so t h a t  crack propagat ion can be envis ioned as going fran l e f t  t o  r i g h t .  
general. a specimen whlch i s  t es ted  a t  t h e  DBTT w i l l  show a b r i t t l e  r eg ion  adjacent  t o  t h e  f a t i g u e  
sur face  which covers about h a l f  t h e  f r a c t u r e d  l igament  and t h e  remainder w i l l  be d u c t i l e .  
each case shows t h e  whole o f  t h e  f rac tured  l igament  a t  l o w  magn i f i ca t i on  and b )  provides an example a t  
h igher  magn i f i ca t i on  of  an area i n  t h e  center  o f  t h e  sDecimen inunediatelv adlacent  t o  t h e  f a t i gue  

I n  

I n  

F igu re  a1 i n  

surface. -The reader i s  encouraged t o  v i e r  these f ractographs w i t h  a s t e k o s i o p i c  a i d  i n  o rder " to  f u l l y  
apprec ia te  changes i n  f r a c t u r e  appearance. 

Specimens of 2Cr-1.5V were found t o  be q u i t e  coarse grained. w i t h  d u c t i l e  f a i l u r e  by dimple rup tu re  
B r i t t l e  f r a c t u r e  appearance was unaf fec ted  by and b r i t t l e  f a i l u r e  by t ransgranu lar  cleavage f rac ture .  

i r r a d i a t i o n .  The un i r rad la ted  specimen shown i n  F igu re  2 i s  unusual due t o  t h e  f a c t  t h a t  t h e  b r i t t l e  
reg ion  i s  n o t  centered. A very l a r g e  g r a i n  on t h e  lower l e f t .  and adjacent  g ra ins  have been cleaved b u t  
except f o r  one cleavage f a i l u r e  towards t h e  upper center, t h e  remainder of t h e  specimen f a i l e d  i n  a 
d u c t i l e  fashion.  Such behavior i s  more t y p i c a l  o f  weld metal response where i nhmogene i t i es  and i n t e r n a l  
s t resses  a re  large.  
because i nhmogene l t i es  were present. 
specimen tes ted  a t  200°C i s  t y p i c a l  o f  a specimen t h a t  has f a i l e d  on t h e  lower shel f .  
d u c t i l e  f a i l u r e  i s  l i m i t e d  t o  reg ions  near specimen surfaces. and t h e  reg ion  adjacent  t o  t h e  f a t i g u e  
sur face  ( f i g u r e  3b)  shows n e g l i g i b l e  p l a s t i c  deformation. Therefore, t h e  i n t e r p r e t a t i o n  o f  a DBTT we l l  
above 250 C f o r  t h e  i r r a d i a t e d  c o n d i t i o n  of  2Cr-1.5V i s  c o n f i n e d .  

These specimens were found t o  be very d i f f i c u l t  t o  f a t i gue  precrack. probably 
The f r a c t u r e  appearance shown i n  F igu re  3 of an i r r a d i a t e d  

As a resu l t .  

Specimens o f  7.5Cr-2W gave t h e  response expected o f  mar tens i t i c  stees. F igure  4. showing an 
u n i r r a d l a t e d  specimen res ted  a t  -50°C and F igures  5 and 6, showing i r r a d i a t e d  specimens t e s t e d  a t  -20 and 
21  C. i n d i c a t e  f r a c t u r e  i s  extremely we l l  behaved. 
of  0.1 mm (100 
along connect ing p r i o r  aus ten i t e  g r a i n  boundaries.) 

la rger .  on t h e  o rde r  o f  0.15 t o  0.2 mm, and f a i l u r e  i s  w e l l  behaved w i t h  l i t t l e  evidence f o r  
inhomogeneities. 
a t  p r i o r  aus ten i t e  g r a i n  boundaries. 

The p r i o r  aus ten i t e  g r a i n  s i z e  i s  f ine ,  on t h e  order 
m) b u t  b r i t t l e  f a i l u r e  i s  predaninant ly  by t ransgranu lar  cleavage (and d u c t i l e  shear 

D u c t i l e  f a i l u r e  i s  by uni form dimple rupture.  

Specimens o f  9Cr-1V show sanewhat d i f f e r e n t  response. The p r i o r  aus ten i t e  g r a i n  s i z e  i s  a l i t t l e  

However. b r i t t l e  f a i l u r e  i n  t h e  u n i r r a d i a t e d  cond i t i on  revea ls  a tendency f o r  f a i l u r e  
Both t e s t s  on t h e  lower s h e l f  (F igu re  7b) and a t  t h e  CeTT (F igu re  
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ab) show re l a t i ve l y  smooth darker surfaces without r i v e r  pattern steps (due t o  martensite l a t h  
structure).  
f a i l u re  i n  both specimens appgars t o  be due t o  gra in  boundary cleavage. 
previously i n  HT-9 specimens. 
t o  gra in  boundary cleavage whereas duc t i l e  f a i l u re  i s  uniformly dimple rupture. 
regions are eas i l y  d i f ferent ia ted i n  Figure 9a) showing an I r rad ia ted  specimen o f  9 C r l V  tested a t  the 
DBTT, bu t  Figure 9b) reveals martensite l a t h  packet s t ructure on only about 20 percent o f  the b r i t t l e  
f racture surface. Therefore. a change i n  fracture mechanism has occurred but only a minor increase i n  
DBTT resul ts.  

These darker features are examples of gra in  boundary cleavage. Up t o  20 percent o f  b r i t t l e  

The d u c t i l e  and b r i t t l e  

Simi lar features have been noted 
Following i r rad ia t ion,  b r i t t l e  f a i l u re  i n  9 C r l V  sh i f t s  a l m s t  canpletely 

Specimens of 9Cr-lW provided several surprises (Figures 10-13). Specimens selected t o  show behavior 

Figure 11 of an unirradiated specimen tested a t  20% and Figure 13 o f  an i r rad ia ted  
I n  both cases, the 

The unirradiated specimen tested a t  -2O'C t ha t  i s  shown i n  Figure 10 and the 

a t  the DBTT. both unirradiated and i rradiated, were found t o  be en t i r e l y  duc t i l e  w i th  no evidence o f  
cleavage fracture. 
specinen tested a t  50 C show specimens t h a t  have f a i l e d  en t i r e l y  by dimple rupture. 
normalized f rac tu re  energy i s  considerably lower than the USE value and t he  t e s t  temperature i s  very 
close t o  the DBTT. 
i r rad ia ted  specimen i n  Figure 12 t h a t  was tested a t  21 C were selected t o  be close t o  t he  lower shelf. 
However. inspect ion o f  Figures 10 and 12 shows f rac tu re  appearance w i t h  more dimple rupture than cleavage 
representing a t e s t  temperature a t  o r  above t he  DBTT based on a f rac tu re  appearance c r i te r ion .  
therefore be assumed t h a t  e i t he r  sanething unusual happens during p l as t i c  deformation as a funct ion of 
temperature i n  t h i s  canposit ion range o r  t h a t  the USE i s  actua l ly  lower than t ha t  measured. 
f rac tu re  appearance o f  the unirradiated 9Cr-1W shows a tendency f o r  f a i l u r e  a t  p r i o r  austeni te gra in  
boundaries. and s im i l a r  features can be i den t i f i ed  on t he  fa t igue precrack. However, the daninate 
b r i t t l e  f rac tu re  made i s  transgranular cleavage. 
specimen tested a t  21'C was found t o  be very s im i la r  t o  t h e  9Cr-1V case: almost t o t a l l y  b r i t t l e  f rac tu re  
a t  p r i o r  austeni te boundaries. I n  fact, the f rac tu re  surface i n  Figure 12b) shows more extensive gra in  
boundary f a i l u r e  than does Figure 9b). Wedge cracks extending i n t o  t he  surface are c l ea r l y  v is ible.  as 
i f  grains are about t o  be pu l led out. As it i s  un l i ke ly  t ha t  b r i t t l e  f a i l u r e  was a t  p r i o r  austenite 
boundaries i n  t he  unirradiated condition. a change i n  fracture mode due t o  i r r ad i a t i on  has probably 
occurred. Therefore. i r r ad i a t i on  has apparently changed the b r i t t l e  f racture mode i n  9Cr lW as well. 

It must 

The b r i t t l e  

The b r i t t l e  f rac tu re  appearance o f  t he  i r rad ia ted  

The 1Xr a l loys  behaved s imi lar ly .  As shown i n  Figures 14 and 16, t he  unirradiated condit ions o f  
12Cr6Mn-lV and 12Cr-6Mn-lW tested a t  t he  DBTT f a i l e d  by transgranular cleavage i n  the b r i t t l e  mode and 
by dimple rupture i n  t he  duc t i l e  mode. Fa i lu re  i s  wel l  behaved i n  t he  V a l l oy  shown i n  Figure 14. 
despite the f a c t  t h a t  t h i s  a l loy  contains 5 percent de l ta  fer r i te .5  However. f o r  each alloy. a change i n  
f a i l u re  mode occurred as a r e s u l t  o f  i r r ad i a t i on  so t h a t  b r i t t l e  f a i l u r e  was by f a i l u r e  a t  p r i o r  
austenite boundaries. 
i n  oxidat ion of the surface, bu t  examples o f  wedge cracking are c lea r l y  indicated i n  both Figures 15b) 
and 17b), and. i n  fact. f a i l u r e  i s  by gra in  boundary f a i l u re  i n  t he  b r l t t l e  region. Therefore, as w i t h  
the 9 C r  al loys. a change i n  b r i t t l e  f rac tu re  mode has occurred i n  the 12Cr a l loys as a r e s u l t  o f  
1 r rad i  ation. 

Figure 15 i s  no t  easy t o  i n t e rp re t  because t he  high t e s t  temperature has resul ted 

Rockwell hardness measurements were made on selected specimens i n  order t o  p r w i d e  fu r ther  basis f o r  
explanation of observed behaviol. 
fo l lowing i r r a d i a t i o n  a t  4200C. & but no t e n s i l e  measurements were made on specimens i r rad ia ted  a t  
365 C. The resu l t s  of hardness measurements are given i n  Table 2. Comparison of the resu l t s  i n  Table 2 
provides t h e  unexpected conclusion t h a t  i r r ad i a t i on  has no t  produced large changes i n  hardness. 
S ign i f icant  changes were only noted i n  ZCr-lV. where hardness rose fran 15.8 t o  27.3. and 2.7Cr2W. where 
hardness measured fran 19.2 t o  24.6. I n  a l l  other cases, hardness Increased l ess  than 3 points. Table 2 
also provides estimates f o r  t ens i l e  strength based on carbon and a l l o y  s tee ls  (fran the SAE Handbook). 
The hardness increase f o r  2Cr-IV corresponds t o  a t ens i l e  strength increase fran 700 t o  900 MPa or 302. 
(Reference 5 indicates an increase fran approximately 400 MPa o r  125% increase.) Therefore. the changes 
i n  Charpy impact behavior f o r  2 C r l V  can be ascribed t o  i r r ad i a t i on  induced hardening bu t  changes i n  
behavior f o r  t he  12Cr a l loys  must be ascribed t o  other causes such as segregation. 

It may be noted t h a t  t ens i l e  data i s  avai lable f o r  these a l loys  

Fractographic examination o f  l o w  act ivat ion charpy impact specimens has provided two observations 
which a f fec t  i n te rp re ta t ion  o f  t he  impact property data: 1) Fracture surfaces o f  a l l o y  9Cr lW specimens 
which were tested a t  the CBTT were found t o  have f a i l e d  only by duc t i l e  dimple rupture whereas p a r t i a l  
f a i l u r e  by b r i t t l e  f rac tu re  was expected. 2) A change i n  b r i t t l e  f rac tu re  mode fran transgranular 
cleavage t o  b r i t t l e  f a i l u r e  a t  p r i o r  austeni te gra in  boundaries was observed i n  four o f  the s i x  s tee ls  
studied. The purpose o f  t h i s  sect ion w i l l  be t i  enlarge on these observation, 

. . . - . . - - .  - .̂ Observation of only a u c u i e  aimpie rupture on t r a a u r e  surfaces or Lnarpy specimens tested a t  the OeTT 
The present ser ies of examinations provides four examples t o  show t h a t  it does occur i n  i s  very unusual. 

a 9Cr-lW alloy, and includes both unirradiated and i r rad ia ted  specimen conditions. Given t he  number o f  
corroborating observations. the poss i b i l i t y  o f  specimen mis ident i ty  o r  mixup can probably be ru led out. 
Unfortunately. a straightforward explanation f o r  t he  behavior i s  no t  apparent. Specimens L814 and L802. 
which were tested a t  temperatures corresponding t o  lower shel f  behavior d id  show b r i t t l e  f racture and 
therefore t he  cause o f  the DBTT i n  t h i s  mater ial  i s  normal: a s h i f t  fran a duc t i l e  t o  a b r i t t l e  f rac tu re  
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show re l a t i ve l y  smooth darker surfaces without r i v e r  pattern steps (due t o  martensite l a t h  
ucture).  Up t o  20 percent o f  b r i t t l e  
' l u r e  I n  both specimens app ars t o  be due t o  gra in  boundary cleavage. Simi lar features have been noted 
iviously i n  HT-9 specimens.f F o l l a i n g  i r rad ia t ion.  b r i t t l e  f a i l u r e  I n  9Cr-1V s h i f t s  almost canpletely 
gra in  boundary cleavage whereas duc t i l e  f a i l u re  i s  uniformly dimple rupture. The d u c t i l e  and b r i t t l e  
lions are eas i ly  d i f ferent ia ted i n  Figure 9a) showing an i r rad ia ted  specimen of 9Cr-1V tested a t  the 
1, but Figure 9b) reveals martensite l a t h  packet s t ructure on only about 20 percent o f  the b r i t t l e  
icture surface. Therefore. a change i n  fracture mechanism has occurred but only a minor increase i n  
T results.  

Specimens o f  9Cr-1W provided several surprises (Figures 10-13). Specimens selected t o  show behavior 
the DBTT. both unirradiated and i rradiated, were found t o  be en t i r e l y  duc t i l e  w i th  no evidence o f  
lavage fracture. Figure 11 o f  an unirradiated specimen tested a t  20% and Figure 13 o f  an i r rad ia ted  
icimen tested a t  50T show specimens t h a t  have f a i l e d  en t i r e l y  by dimple rupture. I n  both cases, the 
rnalized f rac tu re  energy i s  considerably lower than t he  USE value and t he  t e s t  temperature i s  very 
is8 t o  the DBTT. The un i r rad ia ted specimen tested a t  -20T t h a t  i s  s h a n  i n  Figure 10 and the 
'adiated specimen i n  Figure 12 t h a t  was tested a t  21% were selected t o  be close t o  t he  l a e r  shelf. 
lever. inspection o f  Figures 10 and 12 shows fracture appearance w i t h  more dimple rupture than cleavage 
resent ing a t e s t  temperature a t  o r  above t he  DBTT based on a f rac tu re  appearance c r i te r ion .  
irefore be assumed t h a t  e i t he r  something unusual happens during p l as t i c  deformation as a funct ion o f  
iperature i n  t h i s  canposit ion range o r  t h a t  the USE i s  actua l ly  lower than t h a t  measured. 
icture appearance o f  the un i r rad ia ted 9CrlW shows a tendency for  f a i l u r e  a t  p r i o r  austenite gra in  
indaries, and s im i l a r  features can be iden t i f i ed  on t he  fat igue precrack. 
t t l e  f rac tu re  made i s  transgranular cleavage. 
cimen tested a t  21% was found t o  be very s im i l a r  t o  t he  9 C r l V  case: 
p r i o r  austeni te boundaries. I n  fact, the fracture surface i n  Figure 12b) shws more extensive gra in  
indary f a i l u re  than does Figure 9b). Wedge cracks extending i n t o  t he  surface are c lea r l y  v is ible.  as 
grains are about t o  be pu l led out. As it i s  un l i ke ly  t ha t  b r i t t l e  f a i l u r e  was a t  p r i o r  austenite 
indaries i n  t he  unirradiated condition, a change i n  fracture mode due t o  i r r ad i a t i on  has probably 
urred. 

The 1Xr a l loys  behaved s imi lar ly .  
:r-BMn-lV and 12Cr-6Mn-1W tested a t  the DBTT fa i led  by transgranular cleavage I n  the b r i t t l e  mode and 
dimple rupture i n  t he  d u c t i l e  mode. 
, p i t e  t he  fac t  t h a t  t h i s  a l l o y  contains 5 percent de l ta  fer r i te . *  
l u r e  mode occurred as a r e s u l t  of i r r ad i a t i on  so t ha t  b r i t t l e  f a i l u r e  was by f a i l u r e  a t  p r i o r  
, ten i te  boundaries. 
ox idat ion of the surface, bu t  examples of wedge cracking are c lea r l y  indicated i n  both Figures 15b) 

I 17b). and, i n  fact, f a i l u re  i s  by gra in  boundary f a i l u re  i n  t he  b r i t t l e  region. Therefore. as w i t h  
I 9 C r  alloys. a change i n  b r i t t l e  f racture mode has occurred i n  the 12Cr a l loys as a r e s u l t  Of 
'ad1 ation. 

Rockwell hardness measurements were made on selected specimens i n  order to provide fu r ther  basis for  
i lanat ion of observed behavio 
lowing i r r ad i a t i on  a t  420°C,8;6 bu t  no t e n s i l e  measurements were made on specimens i r rad ia ted  a t  

wides t h e  unexpected conclusion t h a t  i r r ad i a t i on  has no t  produced la rge  changes i n  hardness. 
In i f icant  changes were only noted i n  Z C r l V ,  where hardness rose from 15.8 t o  27.3. and 2.7Cr2Wn where 
.dness measured from 19.2 t o  24.6. I n  a l l  other cases, hardness increased less  than 3 points. Table 2 
io provides estimates for  t e n s i l e  strength based on carbon and a l loy  s tee ls  (fran the SA€ Handbwk). 
I hardness increase for  2 C r l V  corresponds t o  a t ens i l e  strength increase fran 700 t o  900 MPa o r  3W. 
iference 5 indicates an increase fran approximately 400 MPa o r  125% increase.) Therefore, the changes 
Charpy impact behavior f o r  2 C r l V  can be ascribed t o  i r r ad i a t i on  induced hardening bu t  changes i n  
bavior f o r  the 12Cr a l loys  must be ascribed t o  other causes such as segregation. 

GusslQD 

Fractcgraphic examination o f  l o w  act ivat ion charpy impact specimens has provided two observations 
ch affect i n te rp re ta t ion  o f  t he  impact property data: 1) Fracture surfaces o f  a l l o y  9Cr-1W specimens 
'ch were tested a t  the DBTT were found t o  have f a i l e d  only by duc t i l e  dimple rupture whereas p a r t i a l  
i l u re  by b r i t t l e  f rac tu re  was expected. 2) A change i n  b r i t t l e  f rac tu re  mode from transgranular 
lavage t o  b r i t t l e  f a i l u r e  a t  p r i o r  austenite gra in  boundaries was observed i n  four of the s i x  s tee ls  
idled. 

Observation o f  only d u c t i l e  dimple rupture on f rac tu re  surfaces o f  Charpy specimens tested a t  t he  DBTT 
very unusual. The present ser ies o f  examinations provides four examples t o  show t ha t  it does occur i n  

C r l W  al loy, and includes both unirradiated and i r rad ia ted  specimen conditions. Given t he  number of 
.roborating observations. t he  poss i b i l i t y  of specimen mis ident i ty  or mixup can probably be ru led out. 
'ortunately. a straightforward explanation f o r  t he  behavior i s  no t  apparent. Specimens L814 and L802, 
Ich were tested a t  temperatures corresponding t o  l a e r  shelf behavior d i d  show b r i t t l e  f rac tu re  and 
irefore the cause of the DBTT i n  t h i s  mater ial  i s  normal: a s h i f t  fran a duc t i l e  t o  a b r i t t l e  f rac tu re  

These darker features are examples of gra in  boundary cleavage. 

It must 

The b r i t t l e  

However. t he  daninate 
The b r i t t l e  f rac tu re  appearance of the i r rad ia ted  

a l m s t  t o t a l l y  b r i t t l e  f racture 

Therefore. I r r ad i a t i on  has apparently changed the b r i t t l e  f rac tu re  mode i n  9Cr lW as well. 

As shown i n  Figures 14 and 16. t he  unirradiated condit ions of 

Fa i lu re  i s  wel l  behaved i n  t he  V a l l oy  s h a n  i n  Figure 149 
However, f o r  each alloy. a change i n  

Figure 15 i s  no t  easy t o  i n t e rp re t  because the high t e s t  temperature has resul ted 

It may be noted t h a t  t ens i l e  data i s  avai lable f o r  these a l loys  

C. The resu l t s  of hardness measurements are given i n  Table 2. Canparison of the resu l t s  i n  Table 2 

The purpose o f  t h i s  sect ion w i l l  be t o  enlarge on these observation. 
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mode w i t h  decreasing temperature. However. t h a t  specimen a l so  showed that,  using a d e f i n i t i o n  o f  DBTT 
based on f rac tu re  appearance, the OBTT would be lower. 
i s  t h a t  l a rge  changes i n  p l a s t i c i t y  occur as a funct ion of t e s t  temperature dur ing upper shel f  tes t ing.  
But the cause fo r  such a phenanenon dur ing impact loading i s  not  y e t  understood. 

t ransgranular cleavage t o  in tergranu lar  f rac tu re  a t  p r i o r  austeni te boundaries. 
exceptions was t h e  a l l o y  containing 2 percent W, it i s  u n l i k e l y  t h a t  the  behavior i s  due t o  excessive V 
and W i n  the  9 t o  12 C r  c a p o s i t i o n  range. the presence o f  Mn. 
t h a t  Mn add i t ions promote s h i f t s  i n  DBTT fol lowing 
t o  l X r - l M o  a l l oys  i n  order t o  reduce the necessary N i  and C contents for  a f u l l y  mar tens i t i c  structure.  
Charpy specimens were i r r a d i a t e d  a t  365 C t o  5 and 11 dpa and it was found t h a t  l a rge  s h i f t s  i n  DBTT 
resu l ted which were i n  proport ion t o  the  amount o f  Mn present. For t h e  a l l o y  containing 3.3 Mn, the  
s h i f t  was 130 C and f o r  the  a l l o y  containing 6.6 Mn. t he  s h i f t  was 220F. Also. a change i n  b r i t t l e  
f rac tu re  mode was found fol lowing i r r a d i a t i o n  fran transgranular cleavage t o  in tergranu lar  f a i l u r e  a t  
p r i o r  austen i te  boundaries. The present r e s u l t s  on 12 C r  a l l oys  provide s i m i l a r  r e s u l t s  (except t h a t  the 
s h i f t s  i n  NlT are not  as la rge) .  This suggests t h a t  the  9Cr lW al loy.  which contains 2.44 percent Mn. 
and the  9Cr-1V a l loy .  which contafns 1.1 percent Mn. are being a f fec ted  by Mn addi t ions i n  a s i m i l a r  way. 
Note t h a t  the  7.5Cr2W a l l o y  contains no in ten t iona l  add i t ions o f  Mn. 
conf i rmat ion t h a t  Mn add i t ions t o  s tee ls  are detrimental f o r  t h e i r  e f f e c t  on temper embrittlement.g a t  
l e a s t  f o r  i r r a d i a t i o n  environments. even though t h e  add i t ions o f  Si .  P and S are kept low. 

The most l i k e l y  explanation f o r  such a d i spa r i t y  

Four of t he  s i x  a l l oys  tes ted were found t o  undergo a change i n  b r i t t l e  f rac tu re  mode fran 
Because one o f  the  

A more l i k e l y  cause i It has been shown 
I n  t h a t  study. Mn add i t ions were made 

Therefore. these r e s u l t s  p r  v ide 

CONCLUSIONS 

A ser ies  of l o w  ac t i va t i on  min ia ture  Charpy specimens have been examined by scanning e lec t ron  
microscopy i n  order t o  provide fu r the r  understanding o f  the  i r r a d i a t i o n  embritt lement process. 
found t h a t  i r r a d i a t i o n  resu l ted i n  a change i n  b r i t t l e  f r a c t u r e  mode fo r  four  of t he  s i x  a l l oys  examined: 
9Cr-lV. 9Cr1WI 12Cr-1V and 12Cr-1W. 
The examinations a l s o  indicated t h a t  the DBTT o f  the  9Cr lW may be lower than experimentally measured 
based on a f r a c t u r e  appearance c r i t e r i o n  f o r  DBTT. 
determined. 

It was 

The cause of the  change i s  ascribed t o  Mn add i t ions i n  the  al loys.  

The cause f o r  t h i s  discrepancy has not  been 

FUTURE WORK 

This e f f e c t  w i l l  be continued when specimens i r r a d i a t e d  t o  higher f luence a r e  available. 
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IMPACT BEHAVIOR OF 9-Cr AND 12-Cr FERRITIC STEELS AFTER LOW-TEMPERATURE I R R A D I A T I O N  - R. L. Klueh, 
J. M. V i tek,  W. R. Corwin, and 0. J. Alexander (Oak Ridge Nat ional  Laboratory)  

OBJECTIVE 

The o b j e c t i v e  of t h i s  work i s  t o  determine t he  e f fec t  of i r r a d i a t i o n  on t he  impact behavior  of 
By i r r a d i a t i n g  these s tee l s  and these s tee l s  w i t h  1 and 2% N i  i n  9Cr-1MoVNb and 12Cr-1MoVW s tee ls .  

mixed-spectrum reac to rs ,  we a re  a t tempt ing  t o  study t he  simultaneous e f f e c t  o f  displacement damage and 
t ransmuta t ion  hel ium on t h e  impact p roper t ies .  

SUMMARY 

M in ia tu re  Charpy impact specimens of 9Cr-1MoVNb and 12Cr-1MoVW s tee l s  and these s tee l s  w i t h  1 and 

The 9Cr-1MoVNb s tee ls ,  w i t h  and w i t hou t  n i c k e l ,  

2% N i  were i r r a d i a t e d  i n  t h e  High-Flux Isotope Reactor (HFIR) a t  5O0C t o  displacement damage l e v e l s  of up 
t o  9 dpa. 
i n  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  temperature (DBTT). 
showed a l a r g e r  s h i f t  than t h e  12Cr-1MoVW s tee l s ,  w i t h  and w i thou t  n i cke l .  Under c e r t a i n  cond i t i ons ,  t h e  
DBTT of the  nickel-doped s tee l s  showed a l a r g e r  s h i f t  than t h a t  o f  t he  undoped s tee ls .  
i n t e r p r e t e d  t o  mean t h a t  hel ium af fected t h e  DBTT i n  t he  same way as the  displacement damage. 

Nickel  was added t o  study t he  e f f ec t  o f  t ransmutat ion helium. I r r a d i a t i o n  caused an inc rease 

The r e s u l t s  were 

PROGRESS AND STATUS 

I n t r o d u c t i o n  

A s t e e l  i n  a fus ion  reac to r  f i r s t  wa l l  w i l l  experience displacement damage from the  high-energy 
neutrons from the  fus ion  reac t ion .  
measured by Charpy impact 
he l ium w i l l  a l so  form i n  the  f i r s t - w a l l  ma te r i a l  o f  a f us i on  reac to r .  
taneously produced displacement damage and t ransmuta t ion  helium, n i cke l  has been added t o  t he  9-Cr and 
12-Cr steels.6 When these nickel-doped s tee l s  are i r r a d i a t e d  i n  a mixed-spectrum reac to r ,  such as t he  
HFIR. displacement damage i s  produced by t he  f as t  neutrons i n  t he  spectrum, and hel ium i s  produced by a 
two-step t ransmuta t ion  reac t i on  of s 8 N i  w i t h  the  thermal neutrons i n  t h e  spectrum. 
work was t he  de termina t ion  of the  e f f ec t  of hel ium on t he  impact p roper t ies .  

Displacement damage can lead  t o  changes i n  t he  impact behavior  as 
I n  a d d i t i o n  t o  displacement damage, l a r g e  amounts of t ransmuta t ion  

To study t he  e f f e c t  o f  s imul-  

One o b j e c t i v e  of t h i s  

Experimental Procedure 

E lec t ros lag- remel ted  heats o f  standard 9Cr-1MoVNb (0.1% N i )  and 12Cr-1MoVW (0.5% N i )  s t e e l s  were 
prepared. These composit ions w i t h  1 and 2% N i ,  designated 9Cr-lMoVNb-ZNi, 12Cr-1MoVW-lNi, and 12Cr-1MoVW- 
2Ni. were a l so  prepared. The 
9-Cr s tee l s  were annealed 0.5 h a t  1040°C and t he  12-Cr s tee l s  0.5 h a t  105O0C, a f t e r  which they were a i r  
cooled. The 9Cr-1MoVNb s tee l  was tempered 1 h a t  76OOC; t h e  12Cr-1MoVW and 12Cr-1MoVW-1Ni s t ee l s  were 
tempered 2.5 h a t  780°C. The 9Cr-1MoVNb-2Ni and 12Cr-1MoVW-2Ni s t e e l s  were tempered 5 h a t  7 O O O C .  
Tempered mar tens i t e  m i c ros t ruc tu res  were obta ined by such heat treatments. 
pos i t i on ,  heat t reatment ,  and m ic ros t ruc tu re  have been published.'j 

t u d i n a l  (LT) o r i e n t a t i o n .  
30' V notch w i t h  a 0.05- t o  -0.08-mm-root radius. 
show impact behavior  s i m i l a r  t o  t h a t  found i n  f u l l - s i z e d  Cv  specimens.7.8 

as fo l lows:  
reg ion  of t he  reac to r  t o  displacement-damage l e v e l s  of 5.7 t o  9.1 dpa. 
and HFIR-CTR-RB2 were i r r a d i a t e d  i n  t he  b e r y l l i u m- r e f l e c t o r  reg ion  t o  displacement-damage l e v e l s  o f  2.7 
t o  4.5 dpa and 4.3 t o  9.2 dpa. respec t ive lv .  The displacement-damaae l e v e l s  and hel ium concent ra t ions  of 

Specimens were obta ined from normalized-and-tempered 5.35-mm-thick p la tes .  

D e t a i l s  on chemical com- 

M in ia tu re  Charpy V-notch (C,) specimens were machined f rom the  heat- t rea ted  p l a t e  i n  t he  l o n g i -  
The subsize specimens measured 5 by 5 by 25.4 mn and conta ined a 0.76-mm-deep 

I n  t he  i r r a d i a t e d  cond i t ions ,  such m in ia tu re  specimens 

The specimens were i r r a d i a t e d  i n  t h ree  capsules i n  HFIR a t  t he  reactor- coolant  temperature of - 5 O O C  

Capsules designated HFIR-CTR-RE1 
Specimens i n  t he  capsule designated HFIR-CTR-T3 were i r r a d i a t e d  i n  t he  pe r i phe ra l  t a r g e t  

t h e  specimens depended on t he  p o s i t i o n  of t h e  specimen i n  t he  capsuie; the  hel ium concent ra t ion  a l so  
depended on t he  amount of n i cke l  i n  t he  mater ia l .  

Tests were c a r r i e d  ou t  i n  a pendulum-type impact machine s p e c i a l l y  modi f ied t o  accommodate t he  sub- 
To o b t a i n  t he  DBTT and s i z e  specimens. 

upper-shelf energy (USE), impact energy- temperature curves were generated by f i t t i n g  t he  data w i t h  a 
hyperbo l i c  tangent func t ion .  
always be determined accura te ly .  
gous t o  t he  f r equen t l y  used c r i t e r i o n  of 68 J i n  a f u l l - s i z e  specimen. 

De ta i l ed  in fo rmat ion  on t he  t e s t  equipment has been publ ished.8 

Because o f  t he  l i m i t e d  number of specimens ava i l ab le ,  t he  USE cou ld  not  
The DBTT was chosen a t  a f i xed  energy l e v e l  of 9.2 J ,  which i s  analo- 
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Resul ts  - 
The r e s u l t s  are g iven i n  Table 1. There a re  d i f f i c u l t i e s  w i t h  these types of tes ts .  F i r s t ,  reac to r  

space l i m i t a t i o n s  r e s t r i c t  t he  number of specimens t h a t  can be i r r a d i a t e d  per  capsule. 
were s i x  specimens f o r  each of t he  two 9-Cr s tee ls ,  f o u r  f o r  12Cr-lMoVW, f i v e  f o r  12Cr-1MoVW-lNi, and 
o n l y  t h ree  f o r  IPCr-lNoVW2-Ni. 
9Cr-1MoVNb-2Ni. f o r  which t he re  were only two specimens. 
i n  RB2. 
12Cr-1MoVW and 12Cr-1MoVW-2Ni. 
t h e  v a r i a t i o n  i n  f l u x  a long t he  l eng th  o f  t he  capsule. 
t h e  d i f f e r e n t  specimens o f  t h e  same s tee l .  
l e v e l s  and he l ium concent ra t ions  were used t o  produce a g iven Charpy impact curve. 

For RB1, t he re  

I n  RB2, on l y  f o u r  specimens were i r r a d i a t e d  f o r  each ma te r i a l  except 
No data are g iven f o r  9Cr-1MoVNb-PNi i r r a d i a t e d  

The T3 capsule conta ined more specimens (seven o r  e i g h t  f o r  each s t e e l )  bu t  f o r  on ly  two s t e e l s :  
A second problem w i t h  these types of i r r a d i a t i o n  experiments r e s u l t s  from 

Th i s  v a r i a t i o n  leads t o  d i f f e r e n t  f luences f o r  
Therefore, specimens with d i f f e r e n t  displacement-damage 

Table 1. Charpy Impact P rope r t i es  of Un i r r ad ia ted  
and I r r a d i a t e d  Cr-No Steels 

The v a r i a t i o n s  i n  displacement-  
damage l e v e l  and he l ium concent ra t ion  
f o r  each se t  o f  specimens are g iven 

I r r a d i a t i o n  Effects i n  Table 1. Note tha t ,  a l though t h e  
Exper i -  DBTTa ADBTT USE 12Cr-1MoVW and 12Cr-1MoVW-2Ni s t e e l  
ment dpa (appm He) ("C) ("C) ( J )  specimens i r r a d i a t e d  i n  RB2 had d i s -  

placement damage l e v e l s  s i m i l a r  t o  
those i r r a d i a t e d  i n  T3. these speci-  

RB1 2.7-3.4 2.5-3 62 102 20 those i r r a d i a t e d  i n  RB2. Th is  was 
RB2 4.4-5.8 4-6 70 110 17 caused by a h i ghe r  thermal f l u x  i n  

RB1 2.8-3.4 35-43 53 143 11 i n  t h e  reactor .  Transmutation he l ium 

RB1 4.3 15 - 3 3  2 20 
RB2 7.2-9.2 3&39 -2 31 25 Table 1 g ives  t he  DBTT as m a s -  
T3 6.C-9.0 11-17 3 36 24 ured a t  t he  9.2 J l e v e l ,  t he  DBTT 

s h i f t ,  (ADBTT), and t h e  USE. The 

RB1 3.9 26 30 67 20 lower than normal ly  observed f o r  
RB2 8.4 66 37 74 23 t h i s  s tee l .  Th is  was p rev ious l y  

RB1 4.c-4.5 50-55 31 62 11 t h a t  t h e  data obta ined i n  t h e  T3 
RB2 6.1-7.4 9?-114 66 9 1  13 and RB2 experiments on the 12Cr- 
T3 5.7-9.1 36-58 51 76 15 lMoVW and 12Cr-1MoVW-2Ni s t e e l s  a re  

S tee l  

9Cr-1MoVNb Cb Uni r r a d i  ated -40 26 mens conta ined more he l ium than 

t h e  r e f l e c t o r  reg ion  o f  t he  reac to r  
9Cr-1MoVNb-2Ni C Un i r r ad ia ted  -90 24 where t h e  RB2 capsules were l oca ted  

i s  generated from n i c k e l  by thermal 
12Cr-1bVW C Un i r r ad ia ted  -35 26 neutrons. 

12Cr-1MoVW-1Ni C Un i r r ad ia ted  - 3 7  23 USE of t h e  9Cr-1NoVNb s tee l  was 

discussed and a t t r i b u t e d  t o  an 
12Cr-lbVW-2Ni C Uni r r a d i a t e d  -25 17 under-temper condi t ion.5 Note 

i n  good agreement. 
f idence t o  t h e  r e s u l t s  obta ined 
f rom se ts  of specimens wi th  on ly  
3 o r  4 specimens, because 7 and 8 
specimens were i r r a d i a t e d  and 

Th is  adds con- 
aMeasured a t  9.2 J. bun i r r ad ia ted  c o n t r o l  specimens. 

t es ted  f o r  t h e  two ma te r i a l s  i n  t he  T3 experiment wh l l e  on l y  four specimens of each were i r r a d i a t e d  and 
t es ted  i n  t h e  RB2 experiment. 

D iscuss ion  

and t h e  p r e c i p i t a t e s  t h a t  form i n  t h e  9Cr-1MoVNb and 12Cr-1MoVW steels.9 The d i f fe rences  i n  t h e  Charpy 
behavior  o f  t h e  u n i r r a d i a t e d  nickel-doped and undoped s t e e l s  were p rev ious l y  discussed.' A tempering 
t rea tment  of 70OoC was used f o r  t h e  s t e e l s  con ta i n i ng  2% N i  because n i c k e l  lowers t h e  !+ temperature. 
Although t h e  760 and 7DO'C tempering temperatures f o r  t h e  9Cr-1MoVNb and 9Cr-lbVNb-ZNi h e e l s ,  respec- 
t i v e l y ,  r e s u l t e d  i n  somewhat s i m i l a r  hardnesses, t h e  s t r eng th  of t h e  9Cr-1MoVNb was l e s s  than  t h a t  f o r  
9Cr-1MoVNb-2Ni.6 General ly ,  t h e  s t e e l  tempered t o  t he  lowest  s t r eng th  i s  expected t o  have t h e  lowest  
DBTT. j u s t  the oppos i t e  t o  what was observed (Table 1). 

molybdenum, and tungsten have t h e  oppos i te  e f fec t .  
s t r uc tu re ,  these a l l o y i n g  e f fec ts  would exp la i n  t h e  observat ions on t h e  9-Cr steels.  
were no t  observed f o r  t he  12-Cr s tee l .  

Previous work has shown t h a t  t h e  n i cke l  add i t i ons  have no s i g n i f i c a n t  e f f e c t  on t h e  m ic ros t ruc tu res  

There a re  i n d i c a t i o n s  t h a t  n i c k e l  decreases t he  DBTT and t h e  USE i n  p e a r l i t i c  s t ee l s . lQ  Chromium, 
Assuming t h e  same e f f e c t  occurs i n  a m a r t e n s i t i c  

Such l a r g e  e f fec ts  

As expected, t he  r e s u l t s  on t h e  i r r a d i a t e d  specimens showed t h a t  neutron i r r a d i a t i o n  caused an 
inc rease i n  OBTT. A r e l a t i v e l y  l a r g e  decrease i n  USE accompanied t h e  increase i n  DBTT fo r  t he  9-Cr s tee l s  
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b u t  t h e  12-Cr s t e e l s  showed r e l a t i v e l y  small changes i n  USE. 
p rog ress i ve l y  l a r g e r  w i t h  inc reas ing  displacement-damage l e v e l .  The 9Cr-1MoVNb-2Ni s t ee l  a l s o  showed a 
l a r g e  decrease i n  USE f o l l ow ing  i r r a d i a t i o n .  

was a l a r g e  inc rease i n  DBTT a f t e r  i r r a d i a t i o n  t o  2.3 t o  3.4 dpa, w i t h  e s s e n t i a l l y  no change f o r  t he  h igher  
dpa (4.3-5.7 dpa). 
small  increase occurred. 
p o i n t s  d i d  no t  f o l l o w  t h e  expected sequence. (Note i n  Table 1 t h a t  t h i s  Charpy curve was t he  on ly  one t h a t  
had a l a r g e  decrease i n  t h e  USE, which cou ld  be a f u r t h e r  i n d i c a t i o n  t h a t  t h i s  curve i s  inaccurate.)  
Because of t h e  displacement o f  t h i s  one po in t ,  t he  OBTT ca l cu la ted  by t h e  c u r v e - f i t t i n g  procedure i s  prob- 
ab ly  inaccurate,  and t he  USE i s  h igher  than  t h a t  g iven i n  Table 1. However, t he re  was good agreement i n  
t h e  r e s u l t s  f o r  t he  12Cr-IMoVW s tee l  specimens i r r a d i a t e d  t o  -9 dpa i n  RB2 and T3. 
AOBTT of 31 and 3 6 O C .  r espec t i ve l y ,  w i th  l i t t l e  change i n  USE. 
9Cr-1MoVNb s tee l  ( l O M I O ° C )  was nea r l y  t h ree  t imes t h a t  f o r  t h e  12Cr-1MoVW s tee l  (31-36°C). 

The decrease i n  USE f o r  t he  9Cr-1MoVNb was 

The r e s u l t s  i n d i c a t e  a d i f f e rence  between t he  9-Cr and 12-Cr s tee ls .  For t he  9Cr-1MoVNb s t e e l ,  t he re  

The s h i f t  i n  DBTT f o r  t he  12-Cr s t e e l s  was s u b s t a n t i a l l y  lower: a f t e r  -4 dpa, on ly  a 
However, t h i s  curve was obta ined w i t h  on l y  f o u r  specimens, and one of t he  da ta  

These curves showed a 
Thus, t he  increase i n  DBTT fo r  t h e  

Ge l les  e t  al.l1,12 t es ted  pre-cracked Charpy specimens of 9Cr-1MoVNb and 12Cr-1MoVW t h a t  were i r r a -  
d i a t e d  i n  t he  RBI and RB2 capsules. 
ments, and d i f f e r e n t  o r i e n t a t i o n s  were i r r a d i a t e d ,  s i m i l a r  changes i n  OBTT were obtained: 
9Cr-1MoVNb and 12Cr-1MoVW s tee l s  increased 90 and 30'C. respect ive ly .11 i n  RB1, and 130 and 6Z°C, 
respect ive ly ,12 i n  RB2. 

I r r a d i a t i o n  of 12Cr-1MoVW s tee l  i n  EBR-I1 t o  displacement-damage l e v e l s  of 26 dpa ( l i t t l e  hel ium) a t  39O0C 
gave r i s e  t o  an inc rease i n  DBTT of 144"C,3 a cons iderab ly  l a r g e r  inc rease than observed f o r  i r r a d i a t i o n  a t  
5OOC. 
r e ~ p e c t i v e l y . ~  As t he  i r r a d i a t i o n  temperature was increased above 400°C, ADBTT decreased; i t  was 5OoC a t  
55OOC.3 $ 5  

A l l  o f  t he  da ta  a re  shown i n  Fig. l ( a ) ,  which i s  updated from when i t  was p rev ious l y  p r e ~ e n t e d . ~  

Although d i f f e r e n t  heats o f  s tee l ,  s l i g h t l y  d i f f e r e n t  heat t r e a t -  
The OBTT of t he  

The m a j o r i t y  o f  t he  p rev ious  r e s u l t s  was f o r  specimens i r r a d i a t e d  a t  e leva ted  temperatures. l-5 

S i m i l a r l y ,  specimens i r r a d i a t e d  4 t o  9 dpa i n  HFIR a t  300 and 400OC had ADBTTs of 164 and 217'C, 

The 
Th is  f i g u r e  i n d i c a t e s  t h a t  t he  inc rease i n  DBTT fo r  12Cc-1MoVW s tee l  goes through a maximum around 4OOOC. 

i s  i n  con t ras t  w i t h  t he  da ta  f o r  t h e  9Cr-1MoVNb s tee l  [Fig. l ( b ) ] .  A f t e r  i r r a d i a t i o n  a t  39OoC i n  EBR-11, 
t h e  AOBTT f o r  9Cr-1MoVNb i s  on ly  about 50°C,3 compared w i t h  90 t o  l l O ° C  a f t e r  t he  50°C i r r a d i a t i o n ;  a f t e r  
i r r a d i a t i o n  a t  45OOC and above, no change i n  OBTT was observed.' 
9Cr-1MoVNb s tee l  shows decreases as t h e  temperature increases from 50 t o  4OODC, a f t e r  which i t  drops 
r a p i d l y  t o  zero. 

expected t o  r e s u l t  from the  hardening caused by t h e  displacement damage, and as t he  temperature i s  
increased, Gel les e t  a l .  found b lack- dot  damage i n  
bo th  t he  9Cr-1MoVNb and 12Cr-1MoVW s t e e l s  i r r a d i a t e d  a t  5OoC, w i t h  no apparent d i f f e rence  between t he  two 
s t e e l s . l l  
9Cr-1MoVNb and 12Cr-1MoVW steels.13 With an increase i n  t he  i r r a d i a t i o n  temperature, de fec ts  and some of 
t h e  d i s l o c a t i o n s  of t he  s t r u c t u r e  can anneal out, a l though some a d d i t i o n a l  hardening can occur because of 
i r r a d i a t i o n - i n d u c e d  prec ip i ta t ion .g . ' "  Tens i le  t e s t s  on 9Cr-1MoVNb and 12Cr-1MoVW s tee l s  have shown t h a t  
t h e  s t r eng th  was increased by i r r a d i a t i o n  a t  4OO0C, b u t  t he  s t r eng th  increase was l ess  than t h a t  a f t e r  
i r r a d i a t i o n  a t  5OoC.15,16 A f t e r  i r r a d i a t i o n  a t  450'C and above, t he re  was l i t t l e  change i n  s t r eng th  com- 
pared t o  t h e  u n i r r a d i a t e d  s tee l .  These t e n s i l e  r e s u l t s  show a change i n  p r o p e r t i e s  w i t h  i r r a d i a t i o n  tem- 
pe ra tu re  s i m i l a r  t o  t h a t  observed f o r  t h e  impact p rope r t i es  o f  t he  9Cr-1MoVNb s tee l  [Fig. l ( b ) l .  

1MoVW. However, some s i g n i f i c a n t  d i f fe rences  have been observed i n  t he  p r e c i p i t a t i o n  i n  t h e  12Cr-1MoVW and 
9Cr-1MoVNb du r i ng  i r r a d i a t i ~ n . ~  Maziasz e t  a1.9 observed t h a t ,  a f t e r  i r r a d i a t i o n  i n  HFIR a t  300 t o  500°C. 
SMne of the MZ3C6 i n  t he  as-tempered m ic ros t ruc tu re  of t he  9Cr-1MoVNb s t e e l  had d isso lved  and t he  subgrain 
s t r u c t u r e  had coarsened. Th is  con t ras ted  w i t h  t he  M&, and subgrain s t r u c t u r e  i n  the  12Cr-1MoVW s tee l ,  
which remained stable.  I r r a d i a t i o n  o f  t he  9Cr-1MoVNb s t e e l  a t  300 t o  500OC a l so  caused a d i s s o l u t i o n  o f  
some of the  f i n e r  MC p a r t i c l e s  and a coarsening o f  the  l a r g e r  p a r t i c l e s .  
occurred i n  t he  12Cr-1MoVW s t e e l ,  bu t  l a r g e  amounts of i r rad ia t ion- produced M6C a l so  formed. 

The observed changes i n  t he  m ic ros t ruc tu re  o f  t he  9Cr-1MoVNb s tee l  between 300 and 50OOC could a f fec t  
t h e  DBTT. 
pe ra tu re  increases, these recovery e f f ec t s  o f f s e t  some of t h e  hardening caused by t he  displacement damage. 
For  t h e  12Cr-1MoVW s tee l ,  no so f t en ing  due t o  subgrain coarsening occurs and t he  hardening e f f e c t  due t o  
i r rad ia t ion- produced M,C i s  superimposed on t h e  p roduc t ion  of displacement damage. Another way of l ook ing  
a t  these r e s u l t s  i s  t h a t  t he  9Cr-1MoVNb s t e e l  behaves as expected, assuming t h a t  r a d i a t i o n  hardening causes 
t h e  DBTT s h i f t .  If t he  p r e c i p i t a t i o n  reac t ions  d i d  not  occur i n  t he  12Cr-1MoVW s tee l  and i t  behaved as 
expected, t he  DBTT s h i f t  f o r  t h i s  s t ee l  would be l e s s  than t h a t  f o r  9Cr-1MoVNb a t  a l l  temperatures. 
However, t h e  curve i n  Fig. l ( a )  f o r  t he  12Cr-1MoVW s tee l  cons is ts  o f  t he  expected curve [ s i m i l a r  t o  Fig. 
l ( b ) ,  bu t  w i t h  a lower s h i f t  a t  50°C1 w i t h  t he  e f f ec t  of p r e c i p i t a t i o n  superimposed on it. 

Thus, t he  ADBTT-temperature curve f o r  t h e  

The behavior  observed f o r  t h e  9Cr-1MoVNb s t e e l  i s  t h e  expected behavior. An inc rease i n  DBTT i s  

some of t h e  hardening i s  o f f s e t  by recovery ef fects.  

I n  t e n s i l e  t e s t s  a f t e r  i r r a d i a t i o n  a t  50°C, s i m i l a r  amounts of hardening were observed f o r  

The prev ious  r e s u l t s  g i ve  no reason t o  expect a d i f f e r e n c e  i n  behavior  between 9Cr-1MoVNb and 12Cr- 

Some coarsening o f  MC a l so  

The coarsening o f  t h e  subgrain s t r u c t u r e  should lower t h e  DBTT. Thus, as t he  i r r a d i a t i o n  tem- 
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Fig. 1. Increase i n  DBTT as a f unc t i on  o f  i r r a d i a t i o n  temperature f o r  (a)  12Cr-1MoVU and (b) 9Cr- 
lMoVNb s tee l .  

Helium appears t o  a f f e c t  t he  impact p roper t ies .  Th is  i s  mast c l e a r l y  shown by t he  r e s u l t s  f o r  t h e  
nickel-doped and undoped 12-Cr s t e e l s  (Table 1). The small  amounts o f  data make d e f i n i t e  conclus ions d i f -  
f i c u l t .  However, f o r  a g iven dpa (and he l ium concent ra t ion)  t he  AOBTT values inc rease as t he  he l ium con- 
c e n t r a t i o n  ( n i c k e l  concent ra t ion)  i s  increased. Also, t h e  d i f f e rences  i n  t h e  r e s u l t s  f o r  t h e  t e s t s  f o r  
experiments RB2 and T3 f o r  t h e  12Cr-lMoVW-2Ni a re  noteworthy. The ADBTT fo r  t he  t e s t s  from RB2 was 91'C 
and from T3 was 76°C. Both se ts  o f  specimens were i r r a d i a t e d  t o  s i m i l a r  displacement-damage l eve l s ,  bu t  
t h e  specimens i n  T3 conta ined 36 t o  58 appm He, wh i l e  those from RB2 conta ined 93 t o  114 appm. Fur ther-  
more, t h e  ADBTT fo r  t h e  12Cr-1MoVW-2Ni i r r a d i a t e d  i n  T3 was s i m i l a r  t o  t h a t  f o r  t he  12Cr-1MoVW-1Ni i r r a -  
d i a t e d  i n  RB2. 
m a t e r i a l s  under these t e s t  condi t ions.  

S im i l a r  displacement-damage l e v e l s  and hel ium concent ra t ions  were achieved f o r  bo th  

An i n t e r p r e t a t i o n  of t he  d i f f e r e n c e  i n  t he  r e s u l t s  fo r  t h e  9Cr-1MoVNb and 9Cr-1MoVNb-PNi s t ee l s  i s  
d i f f i c u l t  because o f  t h e  d i f f e r e n t  heat t reatments used f o r  these two s tee ls .  The 9Cr-1MoVNb-2Ni has a 
much lower DBTT p r i o r  t o  i r r a d i a t i o n  than  t h e  9Cr-1MoVNb. Nevertheless, t he  9Cr-1MoVNb-2Ni s t e e l  shows a 
l a r g e r  s h i f t  i n  OBTT, which may be a t t r i b u t a b l e  t o  helium. 

Because o f  t h e  low i r r a d i a t i o n  temperatures, t h e  mechanism by which hel ium a f f e c t s  t he  p rope r t i es  
would be expected t o  be caused by hel ium i n  so lu t ion .  The p o s s i b i l t t y  of a s a t u r a t i o n  of ADBTT due t o  
displacement-damage e f f e c t s  has been discussed.'+%1z The present  r e s u l t s  i n d i c a t e  a he l ium e f f e c t  i s  
superimposed on t h e  displacement-damage ef fect .  
sa tu ra te ,  a much l a r g e r  ADBTT might  be expected than t h e  144 t o  166'C s h i f t  observed f o r  12Cr-1MoVW s tee l  
i r r a d i a t e d  a t  390'C i n  EBR-II.'.S More t e s t s  of t he  t ype  discussed i n  t h i s  r epo r t  w i l l  be requ i red  t o  
determine t h e  maximum e f f ec t .  

Although t he  hel ium e f f ec t  would a l so  be expected t o  

SUMMARY AND CONCLUSIONS 

Charpy impact specimens o f  standard 9Cr-1MoVNb and 12Cr-1MoVW s tee l s  and these s tee l s  doped w i t h  up 
t o  2% N i  were i r r a d i a t e d  a t  50°C i n  HFIR t o  displacement-damage l e v e l s  of up t o  9 dpa. 
n i c k e l  present  i n  t h e  s tee ls ,  i r r a d i a t i o n  i n  HFIR produced up t o  115 appm He. 

Because of t he  

I r r a d i a t i o n  caused an increase i n  t h e  DBTT o f  a l l  s teels.  The inc rease was l a r g e r  f o r  t he  9-Cr s tee l s  
than  t h e  12-Cr s tee ls .  The r e s u l t s  from these and o the r  s tud ies  i n d i c a t e  t h a t  t he  change i n  ADBTT w i t h  
temperature f o r  t h e  12Cr-1MoVW has a peak a t  -400°C and decreases a t  h igher  o r  lower temperatures. The 
ADBTT f o r  9Cr-1MoVNb decreases g radua l l y  as t he  i r r a d i a t i o n  temperature increases from 50 t o  400"C, a f t e r  
which i t  q u i c k l y  decreases t o  zero. 
9-Cr and 1 2 4 3  s t e e l s  i n  a d d i t i o n  t o  t h a t  caused by displacement damage. 

The da ta  i n d i c a t e  t h a t  hel ium caused an increase i n  t he  DBTT o f  t he  
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FRACTCGjWIC EXAMINATION OF CHARPY IMPACT SPECIMENS FROM THE HFIR-MFE-RB2 TEST - D.S. Gel les and 
W.L. Hu (Pac i f i c  Northwest Laboratory and *formerly Westinghouse Hanford Company) 

OBJECTIVE 

The ob jec t i ve  of t h i s  work i s  t o  determine the  e f fec t  of l o w  temperature i r r a d i a t i o n  i n  HFIR on t h e  
proper t ies  of f e r r i t i c  s ta in less  s tee ls  i n  order t o  determine t h e  a p p l i c a b i l i t y  o f  these a l l oys  as f i r s t  
wa l l  materials. 

S U W Y  

affected zone (HAZ) metal condit ions, and 9Cr lMo  i n  base metal and weld metal cond i t ions have been 
examined by scanning e lec t ron  microscopy fol lowing i r r a d i a t i o n  i n  HFIR-MFE-RB2 a t  5s"C t o  10 dpa. 
Hardness measurements have a lso been made. Cmparison o f  r e s u l t s  w i t h  r e s u l t s  on specimens i r rad ia ted  t o  
l o w  dose demonstrates only minor changes i n  f rac ture  behavior, but  continued increases i n  hardness due t o  
i r r a d i a t i o n .  Therefore, the  mechanism c o n t r o l l i n g  the degradation o f  impact propert ies does n o t  a f f e c t  
the  f rac ture  path but  does a f fec t  strength. 
microchanical segregation of carbide forming elements. 

Selected f rac tu re  surfaces of miniature Charpy specimens of HT-9 i n  base metal, weld metal and heat 

A mechanism i s  proposed t o  exp la in  the  behavior based on 

PROGRESS AND STATUS 

Introduction 

Two experiments have now been performed t o  determine the  e f f e c t  of i r r a d i a t i o n  a t  low temperature on 
Charpy impact proper t ies  of mar tens i t ic  Both experiments demonstrated t h a t  s h i f t s  i n  d u c t i l e  
t o  b r i t t l e  t r a n s i t i o n  temperature (DBTT) resu l ted when HT-9 and 9 C r l M o  were i r r a d i a t e d  a t  500C t o  doses 
on t h e  order of 5 and 10 dpa. Figure 1. taken 
from reference 1. provides a c a p a r i s o n  frm the  f i r s t  experiment o f  the e f f e c t  o f  55 C i r r a d i a t i o n  i n  
the  High F lux  Isotope Reactor (HFIR) on various condi t ions o f  HT-9 and 9Cr lMo  f o r  two dose levels.' 
Charpy impact energy i s  p lo t ted  as a funct ion of specimen t e s t  temperature i n  order t o  determine the  
DBTT, and arrows connect the  corresponding curves a t  5 and 10 dpa I n  order t o  emphasize the  e f f e c t  o f  
increased dose on behavior. 
on specimens i r r a d i a t e d  a t  h igher temperatures g i ve  l a r g e r  s h i f t s  i n  DBTT f o r  HT-9. and the  DBTT f o r  9Cr- 
1Mo i s  lower than t h a t  f o r  HT-9 p r i o r  t o  i r r a d i a t i o n .  

The r e s u l t s  of those t e s t s  are shown i n  Figures 1 and 2. 

The s h i f t s  fo r  9Cr lMo  were unexpectedly l a r g e r  than those f o r  HT-9. Tests 

I I I I I I I I I I I 

TEMPERATURE, OC " E m  cm,.m 

Figure 1. Results of Charpy impact t e s t s  on HT-9 and 9Cr-1Mo precracked min ia ture  specimens i r r a d i a t e d  
i n  the  RE2 Test i n  comparison w i t h  r e s u l t s  fran the  RB1 t e s t  showing normalized f rac tu re  
energy as a funct ion o f  t e s t  temperature. 
are designated by specimen i d e n t i f i c a t i o n  code. 

Specimens selected f o r  f ractographic examination 

The second experiment examined t h e  e f fec t  of 50°C i r r a d i a t i o n  i n  HFIR as a funct ion o f  a l l o y  
canposi t ion i n  order t o  assess the  e f fec t  of He/dpa r a t i o  on deformation behavior. 
r e s u l t s  of DBTT s h i f t  for  both experiments as a funct ion of dose. 
a l l oy ing  va r ia t i ons  i n  order t o  evaluate the e f fec t  of n ickel  content and the resu l tan t  e f f e c t  of He/dpa 
on behavior.2 and therefore the nickel  content fo r  each curve i s  included. 

Figure 2 gives the 
The data base includes Several 

Figure 2 can be used t o  
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Figure 2. S h i f t  in DBTT as a funct ion of dose f o r  min ia ture  Charpy specimens o f  mar tens i t ic  s tee ls  
i r r a d i a t e d  in HFIR a t  55'12. 
reference 2. 

Closed symbols are f ran reference 1 and open symbols are fran 

demonstrate t h a t  n icke l  add i t ions increased t h e  observed s h i f t s  i n  OBTT f o r  9Cr-1Mo and f o r  HT-9. 
HOYever. the unexpected d i f fe rences betwean 9Cr-1Mo and HT-9 could not  be a t t r i b u t e d  t o  a n icke l  o r  
helium e f f e c t  s ince HT-9 contains s i g n i f i c a n t l y  more n icke l  than does 9CrlMo; sane other  factor was more 
important. Furthermore. w i t h  i n c r  asing dose. DBTT generally increased. e x h i b i t i n g  unsaturated behavior 
a t  10 dpa i n  t h e  f i r s t  experiment.' but  suggesting a tu ra t i on  i n  two o f  t h e  four re levant  examples fran 
the second experiment (9Cr- lMc-O. lNi  and HT-g-lNi).j Hmever. taken as a whole. the data base ind icates 
t h a t  satura t ion should not  be expected before a dose o f  20 dpa. Explanations given for  the observed 
behavior were speculative. I n  one case, the  d i f fe rences i n  behavior between the  two a l l o y s  were 
a t t r i b u t e d  t o  e i t h e r  a seg egat ion phenanenon o r  behavior where rad ia t i on  damage t o  carbides af fects 
crack nucleat ion response.i I n  the  other case, differences were ascribed t o  unusually high rad ia t i on  
resistance i n  t h e  HT-9 t o  p r e c i p i t a t i o n  which resu l ted i n  reduced irr d i a t i o n  hardening. Therefore. 9Cr- 
1Mo behaved normally but  HT-9 gave unexpectedly m a l l  s h i f t s  in DBTT. 3 

The purpose of the present e f f o r t  i s  t o  continue the  study of e f fec ts  of i r r a d i a t i o n  a t  low 
tmperatures by examining t h e  f r a c t u r e  surfaces o f  selected specinens fran reference 1 i n  order t o  
provide fu r the r  i ns igh ts  i n  the processes c o n t r o l l i n g  behavior. 
5 dpa has been reported p r e v i o u ~ l y . ~  and t h e  present work examines s i m i l a r  specimens i r r a d i a t e d  t o  10 
dpa. Fractographs i n  both t h i s  and the previous work are presented as stereo p a i r s  and the  reader i s  
s t rong ly  encouraged t o  view t h m  stereoscopical ly i n  order t o  f u l l y  appreciate the  f rac tu re  response. - Fractography on specimens i r r a d i a t e d  t o  

Specimens selected f o r  f ractographic examination are  l i s t e d  i n  Table 1 along w i th  t e s t  cond i t ions and 
resul ts.  I n  general. t he  
specimens were selected t o  s h w  behavior a t  t he  DBTT so t h a t  b r i t t l e  behavior, d u c t i l e  behavior and t h e  

These specimens are  a l so  i d e n t i f i e d  i n  Figure 1 by i d e n t i f i c a t i o n  code. 

Table 1.Specimens selected f o r  f ractographic examination fran the  HFIR-MFE-F(B2 i r r a d i a t i o n  t e s t .  

Test 
Fluence T p p .  

s E K l l w D l p p n l u ; L  &a 
HT-9 Base Metal A M  5 11.6 50 1.90 1.41 11.9 

AM6 11.6 75 1.85 3.94 34.3 

HT-9 Weld Metal AK02 11.4 75 1.59 1.31 11.0 

HT-9 HA7. ALOl 10.5 50 1.13 2.48 20.8 

9Cr-lMo Base Metal FA12 9.7 100 1.18 1.31 11.3 

9Cr lMo  Weld Metal FJ02 10.4 100 1.22 0.51 4.4 
FJ03 9.7 150 1.64 3.49 29.7 
FJO8 9.7 175 1.25 1.38 11.5 
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t r ans i t i on  fran b r i t t l e  t o  duc t i l e  behavior could be examined i n  one specimen. 
9Cr lMo weld metal. two specimens tested on the upper shelf, FJ03 and FJOB. were examined I n  order t o  
provide explanation of the la rge  differences i n  f racture energy between then. 
base metal. AA06. was examined i n  order t o  compare duc t i l e  behavior on t he  upper se l f  w i t h  specimen AA02l 
t o  explain the large decrease in f racture energy as a funct ion o f  dose. The f racture surface o f  one h a l f  
of each specimen was s l iced o f f  using a slow speed saw i n  order t o  reduce t he  specimen volume and thereby 
minimize rad ia t ion  levels. and examinations were performed on a JEM 35C scanning electron microscope 
using standar!  procedure^.^ The tilt angle between specimen sett ings for  stereo fractographs i s  
rout ine ly  8.0 . 
6euu.S 

However, i n  t he  case o f  

Also. a Specimen of HT-9 

The fracture surfaces of specimens selected for  examination are shown i n  Figures 3 t o  10. I n  each 
case, both a l o w  magnif icat ion example. sharing the whole o f  the fractured ligament, and an intermediate 
magnification example, showing t he  center o f  t he  specimen adjacent t o  t h e  fat igue precracked surface, are 
provided as stereographic pairs. 
propagation can be envisioned proceeding fran l e f t  t o  r igh t .  

tested a t  50 C fol lewing i r r ad i a t i on  t o  12 dpa w i th  absorbed energy corresponding t o  about one t h i r d  of 
the upper she l f  value. Both the l o w  magnif icat ion example shown i n  Figure 3a and t he  higher 
magnification example shown i n  Figure 3b are f o r  a f u l l y  duc t i l e  f rac tu re  behavior which f a i l e d  by dimple 
rupture. No evidence for b r i t t l e  f racture was ident i f ied.  This can be demonstrated by canparison w i th  
Figure 4 which provides the fracture surface of HT-9 base metal specimen AA06, tested a t  75 C fo l lowing 
i r r ad i a t i on  t o  12 dpa w i th  absorbed energy corresponding t o  upper shel f  behavior. The s i l v e r  pa in t  used 
t o  at tach specimen AA06 t o  t h e  holder has c rep t  onto t h e  f racture surface a t  top and bottan obscuring t he  
fracture appearance, but the region s h a i n g  i n  t he  center of f igure 4a i s  representative o f  the f rac tu re  
behavior. 
fractured ligament. Of pa r t i cu la r  note i s  the s i m i l a r i t y  between Figures 3b and 4b which shows t ha t  i n  
both cases. f a i l u r e  i s  c lea r l y  by dimple rupture a f t e r  a la rge  i n i t i a l  s t re tch zone was formed. but much 
o f  the f a i l u re  surface i s  steeply inclined. ind ica t i ve  of f a i l u r e  by shear. Canparison w i th  Figure 7.6.7 
i n  reference 3. o f  the f racture surface f o r  specimen AM2 tested near t he  upper shelf fol lowing 
i r r ad i a t i on  t o  a lower dose. shows s im i la r  features. 
dose condition, on t he  order o f  25 t o  50 um f o r  AA02 and 10 t o  25 um f o r  W 6 .  

Therefore, the f rac tu re  appearance of specimen AAl5 i s  no t  t yp ica l  of HT-9 near the DBTT. Specimen AM1. 
described i n  Figure 1.6.6 of reference 3 and corresponding t o  t h e  same condi t ion but a t  a lower dose of 5 
dpa. showed behavior more t yp ica l  of a specimen tested a t  t he  DBTT except t ha t  the s t re tch  zone was 
la rger  and t h e  b r i t t l e  region accounted for  more than ha l f  the surface area o f  t he  fractured ligament. 
i nd ica t i ve  of f racture smswhat above the OBTT. 
different. it i s  assumed t h a t  a specimen mix up has occurred. 

The fatigue precrack surface appears on the l e f t  so t h a t  crack 

Figure 3 shows the fracture surface of the HT-9 base metal specimen i den t i f i ed  as AAl5 which was 

The fracture surface i s  duc t i l e  w i th  an unusual step about one t h i r d  of t he  way across t he  

However. the dimple s ize i s  coarser f o r  the lower 

As the f racture surface shown i n  Figure 3 i s  so 

Figure 5 shows the fracture surface o f  HT-9 weld metal specimen M02 i r rad ia ted  t o  11 dpa and tested 
a t  75 C, w i th  absorbed energy corresponding t o  behavior near t he  lower shelf. Figure Sa shows two 
d i s t i n c t  f racture modes typ ica l  of a specimen tested near the DBTT. a b r i t t l e  mode on the l e f t  and 
adjacent t o  t he  fa t igue precrack which i s  plateau- l ike w i t h  f l a t  planar surfaces and ve r t i ca l  connecting 
surfaces. and a duc t i l e  mode which i s  less  planar and shows more gradual changes i n  surface r e l i e f .  The 
b r i t t l e  region accounts for  over about two t h i r d s  o f  t he  surface area of t he  fractured ligament. 
Therefore, although insu f f i c ien t  specimens were avai lable t o  def ine upper shelf behavior for t h i s  
condition. the s h i f t  i n  DBTT indicated f o r  HT-9 weld metal i n  Figure 1 i s  reasonable. The f rac tu re  
surface shown i n  Figure 5b a t  higher magnif icat ion i s  t yp ica l  of b r i t t l e  transgranular f racture and the 
s t re tch zone between t he  precrack and t he  b r i t t l e  region i s  small. 
surface should be ignored. Canparison o f  Figure 5 w i th  t h a t  for  M(03, Figure 7.6.10 i n  reference 3. i s  
no t  very f r u i t f u l  because M(03 only showed duc t i l e  behavior. However. t he  duc t i l e  dimple s i r e  and 
surface features are very s imi lar .  

Figure 6 provides fractography for HT-9 HAZ specimn A L O l  which was i r rad ia ted  t o  11 dpa and tested a t  
5OoC. corresponding t o  behavior a t  the OBTT. 
t e s t  j u s t  below the CBTT. w i th  b r i t t l e  f a i l u r e  by transgranular cleavage and duc t i l e  f a i l u r e  by f ine 
dimple rupture and shear fai lure, s im i la r  t o  t h a t  shown i n  Figure 4. However. towards the top and bottom 
of t he  fractograph, the dimple rupture i s  much coarser. more representative o f  the behavior found on 
specimen AA02 i n  reference 3. Further inspection of Figure 4a provides indicat ions o f  the same behavior 
i n  Specimen AA06. Therefore. it can be concluded t h a t  f racture appearance i s  s im i la r  f o r  base metal and 
HAZ metal even though Charpy response i s  di f ferent.  Figure 6b shows the f rac tu re  appearance a t  higher 
magnification. A t  f i r s t  examination, the surface looks t yp ica l  o f  transgranular cleavage fracture. w i th  
f e a t h e r l i k e  s t r i a t i ons  ind ica t ing  the martensite l a t h  structure. However, on closer examination, the 
fol lowing can be noted. The s t re tch  zone i s  unusual for  b r i t t l e  fracture. forming a narrow r i b  of 
duc t i l e  material. wi thout a c lear  t r ans i t i on  t o  b r i t t l e  fracture. There are unusual deep pi ts,  
pa r t i cu l a r l y  noticeable i n  t he  lower r i g h t  area. which appear t o  represent dimple rupture i n  very 
loca l  ized regions. Final ly.  the character is t ic  f e a t h e r l i k e  s t r i a t i ons  are r ea l l y  not present as 
s t r ia t ions;  rather. they appear almost l i k e  dimple rupture cups. 

Small f lecks of contamination on t he  

Figure 6a shows f racture appearance typ ica l  of a specimen 

A l l  o f  these features may be the r e s u l t  



116 

0 

m 

I 



117 

VI 'I 
0' 



118 



119 

Y 0 'I y 
0 

E 



120 

of an overaged carbide structure. 
fol lowing i r r ad i a t i on  a t  550 and 39OoC show s im i l a r  s t re tch zone and deep p i t  features. bu t  plateau 
s t ructure and feather- like s t r i a t i o n s  are more apparent. 

corresponding t o  behavior a t  the DBTT. 
7a i s  t yp ica l  o f  a specimen tested a t  the DBTT, w i t h  transgranular b r i t t l e  cleavage and duc t i l e  dimple 
rupture. 
Figure 7b. t he  f rac tu re  surface also appears t yp ica l  o f  b r i t t l e  fracture. Comparison w i t h  specimen FA17 
i r rad ia ted  t o  h a l f  the dose and shown i n  Figure 7.6.8 of reference 3 gave very s im i l a r  features (although 
the contrast was qu i t e  different.) 
the large s h i f t  i n  DBTT which was observed w i t h  increasing dose. 

100, 150 and 175% respectively. Based on energy absorbtion, FJO2 was expected t o  display lower she l f  
behavior and FJ03 and FJO8 upper shelf behavior. 
impact energy o f  approximately one t h i r d  t h a t  o f  FJ03 bu t  it was tested a t  a higher tfmperature. 
8a shows behavior t yp ica l  o f  lower shel f  response, wi th  approximately 90 percent of t he  l i g m n t  length 
having fa i led  by transgranular b r i t t l e  cleavage. 
region i s  t yp ica l  o f  lower shel f  f racture i n  mar tens i t ic  steels. Comparison w i th  specimen FJO5. 
i r rad ia ted  t o  laver  dose w i th  DBTT response and shwn i n  Figure 7.6.11 of reference 3, showed no 
s i gn i f i can t  differences i n  behavior. Oifferences i n  contrast accentuated t he  l a t h  feather- like 
appearance a t  l aver  dose. bu t  f rac tu re  appearance was otherwise simi lar.  

Figures 7.2.14 and 7.2.15 o f  reference 4 showing HT-9 H N  response 

Figure 7 s h a s  t he  f rac tu re  surface of 9Cr-lMo base metal specimen FA12 which was tested a t  100°C 

A t  higher magnification. 

The f rac tu re  appearance as shown a t  low magnification i n  Figure 

B r i t t l e  cleavage extends h a l f  way across t h e  fractured 1 igament. 

Therefore, no change i n  fracture mode can be iden t i f i ed  t o  explain 

Figures 8. 9 and 10 show 9Cr lMo weld metal specimens FJO2. FJ03 and FJO8 which had been tested a t  

FJ03 and FJOB were examined because FJO8 gave an 
Figure 

Figure 8b shows t h a t  f rac tu re  surface i n  t h e  b r i t t l e  

Specimen FJ03 shown i n  Figure 9 gave upper shelf response f o r  t he  must pa r t  bu t  one small region was 
found t o  be b r i t t l e .  That region can be seen i n  Figure 9a as an unusual feature toward t he  upper center 
o f  the specimen and adjacent t o  the precrack. The b r i t t l e  region i s  shown a t  higher magnif icat ion i n  
Figure 9b. and appears as f l a t  transgranular b r i t t l e  cleavage regions centered around a deep f issure and 
surrounded by steep la rge  s t re tch  zones and adjacent d imp le  rupture. 
f rac tu re  occurred i n  t he  v i c i n i t y  o f  t he  feature causing t he  deep fissure, but cleavage was hal ted for 
sane reason and duc t i l e  f a i l u r e  propagated from the cleavage crack. 
t yp ica l  of a mater ial  tested j u s t  below t he  temperature required for  upper she l f  behavior. 

specimen had been tested a t  the BTT. w i th  h a l f  t he  specimen f a i l i n g  by transgranular b r i t t l e  cleavage 
and the remainder by duc t i l e  dimple rupture. The b r i t t l e  f rac tu re  shown i n  Figure 10b i s  s im i la r  t o  t h a t  
shown i n  Figure 8. 
DBlT and no t  on the upper shelf. 
l a rge  var ia t ions  i n  mater ial  response occur i n  9Cr-1Mo weld metal. 

examined. The resu l t s  are as f o l l w s .  HT-9 base metal spedmen AM6 gave 34.3 f 0.95 R HT-9 weld 
metal specimen M 0 2  gave 33.7 i 0.7 Rc. HT-9 H N  specimen N O 1  gave 30.2 2 0.5 Rc, 9Cr-lkA base metal 
specimen FM7 ( i r rad ia ted  t o  9.7 dpa and tested a t  150 C) gave 26.3 f 1.5 R and 9Cr lMo weld metal 
specimen FJO8 gave 27.3 i 0.5 Rc. 
HT-9 HAZ i n  comparison w i t h  other HT-9 condit ions i s  a r e s u l t  of lwer i r r ad i a t i on  hardening because M01 
gave t he  lowest hardness values. Also, when these values are compared w i t h  measurfments a t  lower fluence 
(29.5 t 0.5 Rc for HT-9 base metal and 24.7 f 0.4 Rc f o r  9Cr lMo base metal a t  5.5 t o  5.6 d ~ a ) . ~  t he  
fu r ther  s h i f t  i n  DBTT due t o  i r r ad i a t i on  can be correlated w i t h  a fu r the r  increase i n  i r r ad i a t i on  
hardening of 5 Rc po in ts  f o r  HT-9 and 1.5 po in ts  Rc f o r  9 Cr-lMo. 
i r r ad i a t i on  are not d i r e c t l y  proportional t o  the hardness increases. 

Olscusslon 

Therefore. l im i t ed  cleavage 

The fracture appearance o f  FJ03 i s  

Specimen FJO8 was found t o  be very d i f ferent .  As shwn i n  Figure loa, f a i l u r e  occurred as i f  t he  

Therefore t he  impact energy measure for t h i s  specimen was t yp i ca l  o f  response a t  t he  
An e r ro r  i n  t e s t  temperature may be a t  fault. but it i s  possible t h a t  

Rockwell C hardness measurscnents were made on specimens representing each o f  t he  i r rad ia ted  condit ions 

These values ind icate t h a t  t he  improved %pact propert ies observed i n  

However, t he  increases i n  CBTT due t o  

The present f ractographic resu l t s  on specimens i r rad ia ted  a t  55' C i n  t h e  HFIR W2 test  are ery 
s im i l a r  t o  those obtained on specimens i r rad ia ted  i n  t he  RB1 i r r ad i a t i on  a t  55OC t o  luaer  dose. 1 
Although degradation i n  impact propert ies and hardness increases continued w i t h  increasing dose, t he  
f rac tu re  mode d id  not change. 
on microstructural  changes which d id  no t  inf luence the mechanim o f  fracture. 
shws greater continued increases i n  hardening w i th  increasing dose. the argument t h a t  HT-9 shows 
unusually low hardening can be ru led out. 
mechanism t o  exp la in  t he  degradation o f  impact f rac tu re  properties. 

As a consequence, explanations for  the continued degradation must be based 
Given the f a c t  t h a t  HT-9 

Hwever, the present resu l t s  do not provide the basis for  a 

But  the i n fomat ion  contained i n  Figure 2 d w s  provide a further basis for explaining t he  observed 
behavior. It i s  apparent t h a t  the s h i f t  i n  DBTT as a function o f  nickel  increases for  each a l l o y  base. 
However. t he  differences between HT-9 w i t h  1 percent nickel  and 2 percent nickel  are probably small and 
nickel  cannot be responsible f o r  di f ferences between t he  response o f  HT-9 and 9Cr lMo because HT-9 
contains more nickel  bu t  i s  less  affected by i r r ad i a t i on  a t  l o w  temperature. As n icke l  i s  no t  t he  
overr id ing factor i n  con t r o l l i ng  properties. it i s  l i k e l y  t h a t  other minor di f ferences between HT-9 and 
9Cr-lMo are responsible. These differences are probably minor element addit ions such as niobium and 
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vanadium. Therefore, a mechanism s i m i l a r  t o  t h e  one used t o  e x p l a i n  i r r a d i a t e d  pressure vessel s tee l  
behavior  may be pe r t i nen t .  If segregat ion of copper i n  pressure vessel s t e e l s  can con t ro l  behavior, then 
add i t i ons  o f  niobium and n i cke l  may have t h e  same e f f e c t  f o r  t h e  same reason i n  9 t o  12Cr steels.  Copper 
i s  known t o  form very small copper- rich reg ions  which a c t  as hardening centers. The copper p r e c i p i t a t e s  
can form rap id ly .  
Therefore. a d r i v i n g  f o r c e  e x i s t s  f o r  n i c k e l - r i c h  p r e c i p i t a t i o n  a t  lower temperatures. (N icke l  add i t i ons  
beyond a c e r t a i n  l i m i t  may n o t  increase hardening fu r ther .  
one percent  may be t h e  l i m i t ,  s ince  increas ing  from 1 t o  2 percent  i n  HT-9 produces no increment i n  
DBTT. ) 

N icke l  add i t i ons  have been shown t o  promote G phase i n  12Cr s t e e l s  a t  42C1'c.~ 

The behavior shown i n  F igure  2 suggests t h a t  

A mechanism based on microchemical segregat ion of  niobium and n icke l .  much t h e  same way copper 
segregates i n  i r r a d i a t e d  pressure vessel s teels.  does agree w i t h  observed impact behavior f o l l ow ing  HFIR 
i r r a d i a t i o n  as a f unc t i on  o f  heat treatment. 
over- tempering t reatment f o l l o w i n g  a normal temper. Presumably. t h i s  has resu l t ed  i n  f u r t he r  carb ide  
p r e c i p i t a t i o n .  thereby removing elements from so l  i d  s o l u t i o n  which would promote i r r a d i a t i o n  hardening. 
The l i k e l y  candidates inc lude niobium. vanadium, c h r a i u m  and molybdenum. Therefore. l e s s  o f  t h e s e '  
elements would be a v a i l a b l e  i n  HAZ metal f o r  t h e  formation of  .hardening centers  dur ing  55 C i r r a d i a t i o n  
and t h e  r e s u l t i n g  s h i f t  i n  DBTT would be reduced. 

As t h e  e f f e c t  o f  i r r a d i a t i o n  on mechanical p rope r t i es  i s  l a r g e  a t  low temperatures and as t h e  change 

HT-9 i n  t h e  HAZ cond i t i on  has e f f e c t i v e l y  undergone an 

i n  behavior has no t  been measured a t  sa tu ra t i on  leve ls ,  it i s  ev ident  t h a t  f u r t h e r  t e s t s  are needed. If 
HFIR cont inues t o  be unava i lab le  f o r  t e s t i n g  over t h e  next  few years, t h e  US fus ion  m a t e r i a l s  program 
w i l l  have t o  look  elsewhere f o r  an appropr ia te  t e s t  f a c i l i t y .  

CONCLUSIONS 

Fractographic examination of m in ia tu re  Charpy specimens o f  HT-9 i n  base metal. weld metal and heat  
a f f ec ted  zone (HAZ) metal condi t ions.  and 9Cr-1Mo i n  base metal and weld metal cond i t ions  which had been 
i r r a d i a t e d  i n  HFIR-MFE-RB2 a t  55°C t o  10 dpa revea ls  on ly  minor e f f e c t s  of cont inued i r r a d i a t i o n  on 
f r ac tu re .  Canparison of r e s u l t s  w i t h  r e s u l t s  on specimens i r r a d i a t e d  t o  a lower dose l e v e l  a lso  
demonstrates on ly  minor changes i n  f r a c t u r e  behavior. Therefore. t h e  mechanism c o n t r o l l i n g  t h e  
degradation o f  impact p rope r t i es  does n o t  a f f ec t  t h e  f r a c t u r e  path and i s  probably microchemical i n  
nature. 

FUTURE WORK 

Th is  work should be cont inued by determining t h e  dose needed f o r  sa tu ra t i on  o f  p rope r t i es  dur ing  low 
temperature i r r a d i a t i o n .  
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MICROSTRUCTURAL DEVELOPMENT OF 1 0 C d M o  FERRITIC STEEL IRRADIATED I N  HFIR AT 5OOOC TO 34 dpa - M. Suzuki 
(Japan Atomic Energy Research I n s t i t u t e ,  assigned t o  ORNL), P. J. Maziasz (Oak Ridge Nat ional  Laboratory) ,  
S. Hamada, and A. Hishinuma (Japan Atomic Energy Research I n s t i t u t e )  

OBJECTIVE 

The o b j e c t i v e  of t h i s  study i s  t o  determine t he  m ic ros t ruc tu ra l  development of Japanese 10Cr-2Mo fe r -  
r i t i c  s t ee l  i r r a d i a t e d  a t  500'C t o  34 dpa i n  HFIR. 

SUMMARY 

Mic ros t ruc tu ra l  development was s tud ied  i n  10Cr2Mo f e r r i t i c  s t ee l  con ta i n i ng  1 wt % N i  which was 
The r e s u l t s  showed considerable evo lu t i on  of the  p r e c i p i t a t e s ,  but  i r r a d i a t e d  t o  34 dpa a t  500°C i n  HFIR. 

no s i g n i f i c a n t  vo id  development was observed. 
c i p i t a t e s  i n  t h i s  s tee l .  

The a- and x-phases were i d e n t i f i e d  as rad ia t ion- induced pre-  

PROGRESS AND STATUS 

Experimental procedures 

The ma te r i a l  used i n  t he  present  i r r a d i a t i o n  experiment was dual-phase 10Cr-2Mo f e r r i t i c  s tee l .  The 
chemical composi t ion and heat- treatment cond i t i on  (normal iz ing  and tempering) f o r  t h i s  s t ee l  a re  g iven i n  
Table 1. 
as-tempered c o n d i t i o n  was found t o  have a mixed s t r u c t u r e  c o n s i s t i n g  of tempered mar tens i t e / l a t hs  and 
6- fe r r i t e .  
about 150 appm. 
M ic ros t ruc tu ra l  observat ions Were conducted us ing  a JEM2000FX a n a l y t i c a l  e l e c t r o n  microscope (AEM) equipped 
w i t h  X-ray energy d i spe rs i ve  spectroscopy (XEOS). 
carbon r e p l i c a  f i lms .  
F i r s t ,  t h e  i r r a d i a t e d  ma te r i a l  was very r ad ioac t i ve .  which made XEDS ana lys is  us i ng  t h i n  f i lms  almost 
impossible. 
t h e  p r e c i p i t a t e s  were very small and t he  ma t r i x  was ferromagnetic. 

Normal iz ing was done a t  105OOC f o r  0.5 h, and then tempering was conducted a t  77VC f o r  1 h. The 

The ma te r i a l  was i r r a d i a t e d  i n  HFIR a t  500'C t o  34 dpa and t o  an est imated hel ium content  o f  

P r e c i p i t a t e s  were analyzed a f t e r  being ex t rac ted  on to  

For comparison, t h i s  ma te r i a l  was a l so  t he rma l l y  aged a t  500 and 600°C fo r  up t o  5000 h. 

Th is  e x t r a c t i o n  technique was q u i t e  necessary i n  t h e  present  study f o r  two reasons. 

Secondly, e l e c t r o n  d i f f r a c t i o n  ana l ys i s  was d i f f i c u l t  even f o r  u n i r r a d i a t e d  ma te r i a l  because 

Table 1. Chemical composi t ion (wt %)  and heat  t reatment  o f  the  r a t e r i a l  useda 

Content, w t  % 
A l l o y  

C S i  Mn P S N i  C r  Mo Cu Nb V W Co N 

1OCr-2Mo 0.056 0.74 0.60 0.016 0.0059 0.99 9.76 2.41 0.02 0.06 0.12 0.01 0.016 0.0067 

aneat t reatment  - normal iz ing  1O5O0C, 0.5 h. Tempering - 775'C. 1 h. 
M i c ros t ruc tu re  - tempered l a t h  mar tens i te  p l u s  & f e r r i t e .  

Resul ts  and d iscuss ion  

p- Mic ros t ruc tu res  o f  t he  as-tempered 10Cr-2Mo f e r r i t i c  s t ee l  
a re  shown i n  Fig. 1. 
F igure  l (b ,c )  show the  & f e r r i t e  reg ion  and a reg ion  of m a r t e n s i t e l l a t h s ,  respec t ive ly .  P r e c i p i t a t e s  are 
seen most ly  a long boundaries between l a t h  mar tens i te  and 6 - f e r r i t e  regions, a l though small amounts o f  pre-  
c i p i t a t e s  were a l so  found a t  l a t h  i n t e r f aces  o r  on t h e  i n t e r i o r  of t he  6 - fePr i te  g ra ins .  

A f t e r  thermal aging a t  5OOOC fo r  5000 h. t h e  as-tempered m ic ros t ruc tu re  genera l l y  d i d  not  change. 
However, small  p r e c i p i t a t e s  began t o  form i n  t he  & f e r r i t e  i n t e r i o r  o r  i n  tempered l a t h  mar tens i te  regions 
(see Fig. 2). 
p r e c i p i t a t e s  appeared w i t h i n  6 - f e r r i t e  g ra ins  and a long t he  boundaries between t h e  mar tens i te  l a t h  regions 
and 6- f e r r i t e .  

F igure  l ( a )  shows t h e  mixed s t r u c t u r e  o f  6 - f e r r i t e  and tempered mar tens i te  l a t hs .  

Changes were obvious a f t e r  aging a t  6OO0C, as shown i n  Fig. 3 a f t e r  aging f o r  3000 h. Coarse 

A t y p i c a l  example of t he  p r e c i p i t a t e  d i s t r i b u t i o n  observed on t h e  carbon e x t r a c t i o n  r e p l i c a  i s  shown i n  
Fig. 4. 
comparison w i t h  i n - f o i l  m ic ros t ruc tu re ,  i t  was apparent t h a t  t h e  carbon r e p l i c a  process adequately repro-  
duced t h e  p r e c i p i t a t e  d i s t r i b u t i o n  found i n  t h e  o r i g i n a l  mater ia l .  

F igure  4 (a.b) shows t he  & f e r r i t e  reg ion  and tempered l a t h  mar tens i te  regions, respec t ive ly .  By 

The p r e c i p i t a t e  phases observed i n  t he  
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ORNL-Photo 2937-88 

Fig. 4. Replica microstructures of the as-tempered 10Cr-2Mo steel. (a) 6-ferrite region; ( b )  lath 
structure region. 

ORNL-Photo 2938-88 

M & 
9Mo-6 1 C r - 2 5 F e - 0 .  5 N  i 9Si-??Mo-11Cr-?4F@-iWi 

F 
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Fig. 5. Replica microstructure of the as-tempered 10Cr-2Mo steel 
and XEDS spectra, from particles o f  M& and M,C. as indicated. 
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ORNL-Photo 2939-88 

ORNL-Photo 2940-88 

Fig.  6. Replica microstructure of the as-tempered 
1OCr-2Mo stee l  showing NbC and i t s  corresponding spectrum. 

Fig.  7. Replica microstructure o f  10Cr-2Mo stee l  aged a t  60O0C for 
3000 h showing Laves phase and i t s  corresponding XEDS spectrum. 
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I r rad ia ted  mater ial  - Figure 8 shws the microstructure of the mater ial  a f te r  i r r ad i a t i on  a t  5OO0C t o  
34 dpa. Many f ine prec ip i ta tes were observed throughout the material. Except for  a denuded zone about 
300 nm wide along the l a t h  interface. very coarse prec ip i ta tes were seen t o  form uniformly w i th in  the l a t h  
structure. Figure 8(d) shows the cav i t y  microstructure observed i n  a 6- fe r r i te  gra in  in te r io r .  Many very 
f i n e  cavi t ies.  about 5 nm i n  diameter, could be seen. 
l a t h  regions. Judging from these observations. swel l ing was about 0.25% or  less. 

However, very .few such cav i t i es  were observed i n  the 

ORNL-Photo 2941-88 

I 

( C  

' 

Analysis o f  the rep l ica revealed two kinds o f  radiation-produced precipi tates. One i s  a-phase and 
another i s  x-phase. The 0-phase had e i t he r  a globular- or rod-type rmrphology, and contained voids ins ide 
the pa r t i c l e  (Fig. 9). The x-phase had a s im i la r  morphology (Fig. 10). The chemical composition o f  the two 
phases were also s imi lar ,  but x-phase contained rmre i r on  and less molybdenum than o-phase. Nearly a l l  the 
f i ne  prec ip i ta tes observed i n  t h i n  f o i l s  appeared t o  be e i the r  a-phase or x-phase. Most of the larger  pre- 
c i p i t a t es  were iden t i f i ed  as M6C. These M,C prec ip i ta tes were suspected t o  have formed p r i o r  t o  i r r ad i a t i on  
because t h e i r  chemical composition i s  so close t o  tha t  o f  the same phase i n  the i r rad ia ted  material. 
MZ3C6 was detected i n  the i r rad ia ted  materials. 
ment of the s- and x-phases. 
HFIR i r r ad i a t i on  a t  500'C could be summarized as follows: 

NO 
Dissolut ion of the MZ3C6 may well be re la ted t o  the develop- 

NbC could a lso be detected a f te r  i r rad ia t ion.  Prec ip i ta te  evolut ion during 
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(As tempered) ++ ( I r rad ia ted a t  500Y t o  34 dpa) 

'd M6C 
M& + dissolve 

.,-phase ( rad ia t ion produced) 
x-phase ( rad ia t ion produced) 

NbC ++ NbC 

I n  contrast t o  the development of Laves phase dur ing thermal aging, 0- and x-phases became t he  dminarh 
prec ip i ta tes produced i n  10Cr-2Mo by neutron i r r ad i a t i on  a t  500°C i n  HFIR. 

ORNL-Photo 2942-88 

, 

Fig. 9. Replica microstructure of 10Cr-2Mo stee l  i r rad ia ted  a t  500°C 
t o  34 dpa i n  HFIR showing a-phase and i t s  corresponding XEDS spectrum. 

CONCLUSIONS 

The 10Cr-2Ho f e r r i t i c  steel  was thermally aged a t  500 and 60OoC as w e l l  as i r rad ia ted  a t  5OO0C t o  
34 dpa i n  HFIR. 

many f ine precipi tates. 

peratures from 500 t o  600'C. 
tempered M2& appeared t o  have dissolved during i r rad ia t ion.  

phase) as-tempered structure. 
i n  the 6- fe r r i te  region than i n  the tempered martensite l a t h  regions. 
of x- and o-phases were also found i n  both regions, but the l a t h  regions had less because a prec ip i ta te-  
denuded zone was formed along the l a t h  subgrain boundaries. While as-tempered NbC and M,C survived during 
HFIR i r r ad i a t i on  a t  5OOoC. the as-tempered M& dissolved during I r rad ia t ion .  

Observations revealed the following: 

I. Radiation-induced microstructural  changes included the formation o f  many f i ne  bubbles (-5 m). and 

Laves phase formed i n  addi t ion t o  the as-tempered M23C6, M6C, and NbC during thermal aging a t  tem- 
By contrast, abundant 0-  and X-phases formed during HFIR i r rad ia t ion .  and as- 

The nonuniformity i n  the radiation- induced microstructure could be related t o  the nonuniform (dual 

Fine radiation-produced prec ip i ta tes 

Dislocat ion loops were not observed. 

2. 

3. 
Many more f i ne  cav i t i es  (most o f  them stable, subcr i t i ca l  bubbles) were found 
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ORNL-Photo 2943-88 

Fig.  10. Replica microstructures of the  as-tempered 10Cr-2Mo 
steel  i r rad ia ted  a t  5 0 0 O C  t o  34 dpa i n  HFIR showing %-phase and i t ’ s  
corresponding XEOS spectrum. 

FUTURE WORK 

Further work will be extended t o  10Cr-2Mo steel  i r rad ia ted  a t  d i f ferent  temperatures and/or t o  higher 
dose. 
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i.2 Aus ten i t i c  Sta in less Steels 

IRRADIATION CREEP I N  TYPE 316 STAINLESS STEEL AND U.S.-PCA WITH FUSION REACTOR He:dpa LEVELS - 
M. L. Grossbeck and J. A. Horak (Oak Ridge National Laboratory) 

OBJECTIVE 

To evaluate in- reactor deformation o f  candidate f i r s t - w a l l  mater ia ls  under i r r a d i a t i o n  condi t ions which 
s imulate fus ion helium generation and displacement rates. 

SUMMARY 

I r r a d i a t i o n  creep was invest igated i n  type 316 s ta in less s tee l  (316 SS) and U.S. Fusion Program PCA 
using a t a i l o r e d  spectrum of the Oak Ridge Research Reactor (ORR), i n  order t o  achieve a He:dpa value 
charac te r i s t i c  of a fusion reactor f i r s t  wall. Pressurized tubes w i th  stresses o f  20 t o  470 MPa were i r r a -  
d ia ted a t  temperatures o f  330. 400, 500, and 600'C. It was found t h a t  i r r a d i a t i o n  creep was independent o f  
temperature i n  t h i s  range and var ied l i n e a r l y  w i th  stress a t  low stresses, but the stress exponent increased 
t o  1.3 and 1.8 fo r  316 SS and PCA. respect ively,  a t  h igher stresses. Specimens o f  PCA i r r a d i a t e d  i n  the ORR 
and having helium leve ls  up t o  200 appm experienced a 3 t o  10 times higher creep ra te  than s i m i l a r  specimens 
i r r a d i a t e d  i n  the Fast Flux Test F a c i l i t y  (FFTF) and having helium leve ls  below 20 appm. The higher creep 
rates are a t t r i b u t e d  t o  e i t h e r  a lower f l ux  o r  the presence of helium. A mchanism invo lv ing  i n t e r s t i t i a l  
helium-enhanced cl imb i s  proposed. 

a fusion reactor f i r s t  wall,  and hence, m s t  be considered i n  reactor design. 
The enhanced creep rates observed i n  the  presence o f  helium might serve t o  re l i eve  swel l ing  stresses i n  

PROGRESS AN0 STATUS 

In t roduct ion 

I r r a d i a t i o n  creep i s  important i n  structures under i r rad ia t i on .  Stresses introduced by swel l ing  are 
often re l i eved  by i r r a d i a t i o n  creep; however. an imbalance o f  the two processes can lead t o  phenomena such 
as fuel p i n  bowing i n  f i s s i o n  reactors. I n  fusion reactors, i r r a d i a t i o n  creep w i l l  be important i n  deter- 
n in ing  deformation of the f i r s t  wal l  and blanket structures i n  response t o  swel l ing  stresses as w e l l  as 
thermal and primary load stresses. I n  a fusion reactor, i r r a d i a t i o n  creep w i l l  take place i n  the presence 
of h igh leve ls  of helium, the e f f e c t  o f  which i s  unknown. I r r a d i a t i o n  creep has been studied i n  fast  rea$- 
tors, M e r e  the helium production ra te  i s  very low. as wel l  as i n  mixed-spectrum reactors where the  helium 
production r a t e  i s  very high. However, i r r a d i a t i o n  creep has not previously been studied under condi t ions 
*here the fusion reactor l eve l  o f  helium per atomic displacement (He:dpa) i s  achieved. The present experi-  
nent achieved t h i s  goal by t a i l o r i n g  the neutron spectrum o f  the ORR. I n  order t o  es tab l ish  the effect of 
helium, the creep rates observed i n  the spec t ra l l y  t a i l o r e d  experiment w i l l  be compared w i th  creep resu l t s  
Dbtained from i r r a d i a t i n g  the same heat of PCA i n  the  FFTF. 

Experimental procedures 

I n  order t o  achieve the fusion reactor He:dpa leve l  of about 12 appmfdpa fo r  316 SS, the ORR i r r a -  
d ia t i on  vehic le was provided w i t h  a removable core piece. The i r r a d i a t i o n  began w i th  water surrounding the 
i r r a d i a t i o n  capsule i n  order t o  r a p i d l y  burn i n  99Ni w i th  the r e s u l t i n g  high thermal flux. A f te r  6.5 dpa, 
an aluminum core piece replaced the water, and a f t e r  a t o t a l  o f  8.5 dpa, hafnium replaced the aluminum. 
With t h i s  progression, a He:dpa r a t i o  of 12 was achieved a f t e r  about 6 dpa, and t h i s  r a t i o  remained for  t h e  
durat ion of the i r rad ia t i on .  

The specimens consisted of pressurized tubes 25.4 mn i n  length and 4.57 mn i n  diameter. The tubes were 
pressurized w i th  helium t o  e f fec t ive  stress leve ls '  of 20 t o  470 MPa depending upon i r r a d i a t i o n  temperature. 
rhe a l l oys  studied were 316 SS (HT X15893) of composition, i n  weight percent except where noted, as fol lows: 
Papprn B, 0.06 C. 0.3 Co. 17.4 Cr ,  0.3 Cu, 1.7 Mn. 2.1 Mo, 0.06 N, (0.05 Nb. 12.4 N i ,  0.037 P. 0.18 S. 0.67 
S i ,  0.01 Ta. (0.05 Ti, bal Fe, and PCA (HT K-280) of composition: 0.05 C. 14.0 Cr ,  1.8 Mn. 2.3 Mo. 0.01 Nb. 
16.3 N i .  0.01 P. 0.44 S i ,  0.24 T i ,  bal Fe. 
cold-work l eve ls  of 20 and 25% for  the 316 SS and PCA. respectively. Four i r r a d i a t i o n  temperatures were 

The specimens were fabr ica ted frm drawn tub ing w i th  residual  
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i n ves t i ga ted :  
surrounded by a gas gap. 
p o s i t i o n  of the  gas i n  the  c o n t r o l  gap was var ied  from pure he l ium t o  pure argon t o  c o n t r o l  temperature. 
The specimens were removed from the  reac to r  f o r  examination a t  damage l e v e l s  of 5 and 1 2  dpa and hel ium 
l e v e l s  of 44 and 160 appm f o r  316 SS and 56 and 200 appm f o r  PCA. 

330, 400, 500, and 600OC. Temperature con t ro l  was achieved by immersing t he  specimens i n  NaK 
Based upon t he  temperature of t he  thermocouples i n  t he  specimen chambers, t he  com- 

The tubes were p r o f i l e d  w i t h  a non- contact ing l a s e r  micrometer system w i t h  a p r e c i s i o n  of t250 nm. 
Although t he  complete tube p r o f i l e s  were used t o  eva lua te  t h e  specimens, t h e  average diameter o f  t he  c e n t r a l  
t h r e e - f i f t h s  of each tube was used i n  t h e  ana lys is  o f  t he  data. 
unpressur ized tubes was subtracted from the  creep data. 

Swe l l ing  measured by immersion dens i t y  on 
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Resul ts  and Analys is  

The e f f e c t i v e  creep s t r a i n  as a f unc t i on  of e f f ec t i ve  s t r ess  i s  shown f o r  bo th  316 SS and PCA i n  
Figs. 1 and 2, respec t ive ly .  For s t resses below about 350 MPa, both a l l o y s  e x h i b i t  a nea r l y  l i n e a r  depen- 
dence o f  creep s t r a i n  on s t r ess  w i t h  t he  s t r ess  exponents having an average value of 0.96 f o r  each a l l o y  
when averaged over t h e  four temperatures. 
s t r ess  exponent f o r  316 SS becoming 1.3 and t h e  s t r ess  exponent f o r  PCA becoming 1.8. 
be s t i l l  i nc reas ing  a t  t he  h ighes t  s t r ess  l e v e l s  inves t iga ted .  
were not  considered. 

A t  h igher  s t r ess  l e v e l s  t he  curves become non- l inear ,  w i t h  t he  
The s lope appears t o  

Data from tubes t h a t  appear t o  have f a i l e d  
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Fig.  2. E f f e c t i v e  i r r a d i a t i o n  creep s t r a i n  
f o r  U.S. Fusion Program PCA i r r a d i a t e d  i n  t h e  ORR 
s p e c t r a l l y  t a i l o r e d  experiment (MFE-4). 

I n  o rder  t o  eva lua te  t h e  e f f e c t  o f  hel ium on i r r a d i a t i o n  creep, t h e  data i n  t he  present  study were com- 
Because of pared w i t h  data from Puighz on pressur ized  tubes of t he  same heat of PCA i r r a d i a t e d  i n  t h e  FFTF. 

t h e  hard spectrum of t h i s  reac to r ,  t h e  hel ium produc t ion  r a t e  i s  on ly  0.28 appmldpa ( re f .  3). 

i n  the ORR as w e l l  as f o r  t h e  FFTF a t  400'C. 
i r r a d i a t e d  i n  t h e  ORR. The same behavior  i s  observed a t  500'C (Fig.  4) and 600'C (Fig. 5). al though s c a t t e r  
i n  t h e  data makes t h e  comparison l ess  c l e a r  a t  t h e  h ighes t  temperature. 

The r a t i o  o f  creep s t r a i n  t o  s t r ess  i s  p l o t t e d  as a f unc t i on  of dpa i n  Fig. 3 f o r  t h e  present  study 
It i s  apparent t h a t  t he  creep r a t e  i s  h igher  f o r  t h e  ma te r i a l  

Discussion 

The l i n e a r  s t r ess  dependence e x h i b i t e d  by t h e  da ta  i n  Figs. 1 and 2 a t  low st resses i s  t he  commonly 
observed behavior  e s p e c i a l l y  a t  low s t r e s ~ e s . ~ ~ ~  
f e r e n t i a l  absorp t ion  (SIPA) mechanism o f  i r r a d i a t i o n  creep.6 
s t resses  has a l so  been p rev ious l y  observed.2.7~8 
a t  5OO0C and Wassilew a t t r i b u t e s  t h i s  behavior  t o  a t r a n s i t i o n  from the  S I P A  mechanism t o  a cl imb-enabled 
g l i d e  mechanism.7re 
on st ress.  If t h i s  
h i ghe r  exponent r e s u l t s  from a t r a n s i t i o n  i n  mechanism, t he  f a c t  t h a t  i t  i s  lower than two cou ld  r e s u l t  from 
t h e  f ac t  t h a t  t h e  t r a n s i t i o n  i s  not  y e t  complete a t  t he  s t r ess  l e v e l s  inves t iga ted .  It i s  a l so  poss ib l e  
t h a t  both mechanisms operate throughout t he  e n t i r e  range o f  s t ress ,  bu t  t h e  quadra t i c  dependence becomes 

It i s  t he  r e s u l t  c h a r a c t e r i s t i c  of t he  st ress- induced pre-  

Hudson and Nelson a t t r i b u t e  t h i s  behavior  t o  thermal creep 
An i nc reas ing  s t r ess  exponent a t  h igher  

The climb-enabled g l i d e  mechanism proposed by Mansurg p r e d i c t s  a quadra t i c  dependence 
The present  data show a s t r ess  exponent of 1.3 f o r  316 SS and 1.8 f o r  PCA a t  330'C. 
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Fig. 3. E f f e c t i v e  s t r a i n  per  u n i t  e f f ec t i ve  s t r ess  as 
a func t ion  o f  dpa f o r  U.S. Fusion Program PCA i r r a d i a t e d  i n  
t h e  ORR s p e c t r a l l y  t a i l o r e d  experiment and i n  t he  FFTF a t  
400OC. 
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Fig .  4. E f f ec t i ve  S t r a i n  per  u n i t  e f f ec t i ve  s t r ess  as a 
f unc t i on  of dpa f o r  U.S. Fusion Program PCA i r r a d i a t e d  i n  t h e  
ORR s p e c t r a l l y  t a i l o r e d  experiment and i n  t he  FFTF a t  5OOOC.  

t r a n s i t i o n  t o  quadra t i c  s t r ess  behavior  
t h e  s i g n i f i c a n t l y  lower st resses used f o r  
were probably below the  t r a n s i t i o n  st resses,  
t h i s  phenomenon was not  observed i n  t he  
present  i nves t i ga t i on .  However, such 
behavior  might  be expected s ince increased 
thermal a c t i v a t i o n  o f  pinned d i s l o c a t i o n s  
associated w i t h  h igher  temperatures cou ld  
r e s u l t  i n  g l i d e  a t  lower st resses.  

i r r a d i a t e d  ma te r i a l  compared w i t h  FFTF- 
i r r a d i a t e d  ma te r i a l  shown i n  Figs. 3 
through 5 w i l l  now be considered. Since 
t h e  PCA specimens used i n  Puigh's work 
were f ab r i ca ted  from the  same tub ing  used 
i n  t h e  present i nves t i ga t i on ,  t he  d i f -  
ference i n  creep r a t e  can r e s u l t  on ly  from 
d i f fe rences  i n  t he  i r r a d i a t i o n  environment. 
Four p o s s i b i l i t i e s  are apparent: t h e  
f luence l e v e l ,  t he  f l u x  l e v e l .  t he  energy 
svectrum. and t he  vresence of helium. As 

The h igher  creep ra tes  of ORR- 

seen from the  p lot ;  o f  Figs. 3 through 5, 
e s p e c i a l l y  a t  4OO0C, t h e  FFTF data a re  
w e l l  descr ibed bv t he  s t r a i a h t - l i n e  l e a s t -  
squares f i t shown, and t he  e x t r a p o l a t i o n  
i n  dpa t o  t he  data from t h i s  study i s  not 
a l a r g e  one. The d i f fe rence i n  t he  f luxes  
deserves care fu l  considerat ion.  I n  speci-  
mens i r r a d i a t e d  i n  t h e  Dounreay Fast 
Reactor, Lewthwaite and Mosedale observed 
an inc rease i n  creep r a t e  per dpa w i t h  
decreasing f l u x . l Q  Straalsund observed 
no e f f ec t  i n  a u s t e n i t i c  s t a i n l e s s  s t e e l s  
i r r a d i a t e d  i n  t h e  EBR-11. 
on t h e  bas is  of fas t  r eac to r  data, con- 
cluded t h a t  t he re  i s  an inc rease i n  creep 
r a t e  w i t h  inc reas ing  f l u x  bu t  t h a t  t he  
e f f ec t  i s  smal l ;  Mosedale and Lewthwaite 
observed a s i m i l a r  t r end  i n  annealed 
mater ia l .12  Wassilew a l so  observed an 
increased creep r a t e  a t  h igher  f l u x  levels.8 
Since a h igher  f l u x  r e s u l t s  i n  a h igher  
defect  recombination rate,  theory  p red i c t s  
t h a t  t he  i r r a d i a t i o n  creep r a t e  pe r  u n i t  
f luence should decrease w i t h  i nc reas ing  
f l ux ,  provided t h a t  t he  m ic ros t ruc tu re  
shows no dependence on f l ux .  C lear ly ,  t he  
e f f ec t  o f  f l u x  on i r r a d i a t i o n  creep i s  not 
y e t  resolved. Thermal neutrons have been 
shown t o  be more e f f e c t i v e  i n  producing 
defects than f a s t  neutrons." This  e f f e c t  
cou ld  r e s u l t  i n  a h igher  l e v e l  o f  i r r a d i a -  
t i o n  creep; however, the  increment o f  
i r r a d i a t i o n  creep would be expected t o  
d im in i sh  as t he  spectrum was hardened 
du r i ng  t he  course o f  the  i r r a d i a t i o n  i n  
t h e  ORR. 

McElroy e t  al.," 

The opposi te was observed. 

The remaining p o s s i b i l i t y  f o r  t he  observed increase i n  creep r a t e  i n  t he  present experiment i s  t he  
e f f ec t  of helium. 
d i f f e r  by a f a c t o r  of about 60, and t he  creep ra tes  are increased by a f ac to r  of 3 t o  10. 
which t he  hel ium might  increase t he  creep r a t e  i s  not determined as ye t .  One p o s s i b i l i t y  i s  t h a t  hel ium 
a f f ec t s  t he  m i c r o s t r u c t u r a l  s i nk  st rengths,  which i n  t u r n  a f f e c t  t he  fa tes  of p o i n t  defects r e s u l t i n g  i n  
a l t e r e d  creep rates.9 Another p o s s i b i l i t y  t h a t  i s  proposed depends more d i r e c t l y  on t he  presence of helium. 
It i s  known t h a t  hel ium e x i s t s  i n  t h e  l a t t i c e  both as an i n t e r s t i t i a l  and as a s u b s t i t u t i o n a l  so lu te14 as 
w e l l  as being t rapped i n  c l u s t e r s  and c a v i t i e s .  It i s  suggested t h a t  a p o r t i o n  of t he  hel ium produced by 
t he  i r r a d i a t i o n  w i l l  c o n t r i b u t e  t o  t h e  i n t e r s t i t i a l  popu la t ion  which should c o n t r i b u t e  t o  d i s l o c a t i o n  c l imb 
and thus t o  i r r a d i a t i o n  creep. 
i n t e r s t i t i a l s .  producing a net  c l imb  of t he  d i s l oca t i on ,  then occupy l a t t i c e  s i t e s  i n  t h e  same manner as 
s e l f - i n t e r s t i t i a l s .  
prevent  t h e  agglomeration of enough hel ium t o  form bubbles along t he  d i s l oca t i on .  

The hel ium produc t ion  ra tes  f o r  t he  ORR s p e c t r a l l y  t a i l o r e d  experiment and t he  FFTF 
The mechanism by 

I n  t h i s  process t h e  hel ium atoms t h a t  d i f f use  t o  t he  d i s l o c a t i o n s  as 

I n  t he  presence of a s t r ess ,  c l imb  of t he  d i s l o c a t i o n  might  be s u f f i c i e n t l y  r ap id  t o  



133 

The ques t ion  t h a t  must now be 
addressed i s  whether t h e  number of i n t e r -  
s t i t i a l  hel ium atoms i s  s i g n i f i c a n t  compar- 
ed t o  t h e  popu la t ion  of s e l f - i n t e r s t i t i a l s .  
The f r a c t i o n  of t he  hel ium concent ra t ion  
t h a t  w i l l  res ide  i n  i n t e r s t i t i a l  s i t e s  can 
be est imated. To do t h i s ,  a method used 
by Mansur e t  w i l l  be fo l lowed.  The 
r a t e  equat ion f o r  t he  p roduc t ion  and loss 
o f  hel ium i n t e r s t i t i a l s  can be w r i t t e n  as: 
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Term (1 )  i s  t h e  p roduc t ion  r a t e  of i n t e r -  
s t i t i a l  hel ium bv thermal re lease  o f  
s u b s t i t u t i o n a l  cel ium; te rm ( 2 )  i s  t he  

te rm (3 )  i s  t he  r a t e  of exchange o f  s e l f -  
i n t e r s t i t i a l s  and s u b s t i t u t i o n a l  helium, 
producing a hel ium i n t e r s t i t i a l ;  term (4 )  
i s  t he  l o s s  r a t e  o f  i n t e r s t i t i a l  hel ium 

Fig. 5. E f f e c t i v e  s t r a i n  per u n i t  e f f e c t i v e  s t r ess  as converted t o  s u b s t i t u t i o n a l  hel ium through 
capture  by vacancies. 
such as d i s l o c a t i o n s  and g r a i n  boundaries, 
i s  neglected. A l l  terms are  per u n i t  
volume. The necessarv exwess ions  are 

- -  0001 lo 100 displacement r a t e  of s u b s t i t u t i o n a l  hel ium; 
1 
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a func t ion  of dpa f o r  U S .  Fusion Program PCA i r r a d i a t e d  i n  
t h e  ORR. 

The l o s s  t o  sinks, 

b m i n t e r p r e t e d  as fo l lows:  ' 

7 s  = u-l exp[(EHe-v t EHe]/kTl i s  t he  mean residence t ime of hel ium i n  a vacancy be fore  thermal re lease,  Y 

i s  t h e  at tempt frequency which w i l l  be taken t o  be b2/Die where b i s  t he  Burgers vec to r  and D i e  i s  t he  

c o e f f i c i e n t  i n  t h e  d i f f u s i t i v i t y  of s u b s t i t u t i o n a l  helium. 

s u b s t i t u t i o n a l  hel ium atom and a vacancy and E H ~  i s  t he  energy o f  m ig ra t i on  o f  helium. 

r a t e  o f  i n t e r s t i t i a l  hel ium by d i r e c t  displacement per  u n i t  concent ra t ion  of s u b s t i t u t i o n a l  helium. The 

symbol Rr = 4nrrDi i s  t h e  c o e f f i c i e n t  of replacement where a s e l f - i n t e r s t i t i a l  d is lodges a s u b s t i t u t i o n a l  

he l ium atom; rr i s  t he  rad ius  o f  t he  replacement volume. 

f i c i e n t  o f  a vacancy f o r  an i n t e r s t i t i a l  hel ium atom; rHe+ i s  t he  rad ius  o f  t he  capture volume. 

concent ra t ion  of s u b s t i t u t i o n a l  He, C i  i s  t h e  concent ra t ion  o f  s e l f - i n t e r s t i t i a l s ,  Cv i s  t h e  concent ra t ion  

of vacancies, and C H ~  i s  t h e  concent ra t ion  o f  i n t e r s t i t i a l  helium. What was f e l t  t o  be reasonable values 
f o r  t he  above parameters were used i n  t h e  ca l cu la t i on ;  t he  values appear i n  Table 1. 
r a t i o  C H ~ / C ~  ranges from 10-8 t o  10-5 over  t h e  range o f  300 t o  600'C. 
were i n  s u b s t i t u t i o n a l  s i t e s ,  t he  i n t e r s t i t i a l  hel ium concent ra t ion  then  i s  i n  t he  range o f  t o  
10-9 atom f r a c t i o n .  This i s  t o  be compared w i t h  t h e  s e l f - i n t e r s t i t i a l  popu la t ion  f o r  which 
s e n t a t i v e  value. 
b u t i o n  t o  t h e  t o t a l  i n t e r s t i t i a l  popu la t i on  so t h a t  t he  mechanism i s  considered a p l a u s i b l e  one. 
Consider ing t h e  very  l a r g e  u n c e r t a i n t i e s  invo lved  i n  t h i s  c a l c u l a t i o n ,  i t  i s  considered on ly  an at tempt t o  
determine i f  t h e  suggested mechanism i s  possib le.  

b E H ~ - ~  i s  t he  b i nd ing  energy between a 
m 

G- i s  t h e  generat ion 

K H ~  = 4 n r ~ ~ +  ( D H ~  t Dv) i s  t he  capture coef- 

Cs i s  t he  

The r e s u l t  i s  t h a t  t he  
I f  a hel ium concent ra t ion  o f  100 appm 

i s  a repre-  
Therefore, t he  c a l c u l a t i o n  shows t h a t  t he  generated hel ium can make a s i g n i f i c a n t  c o n t r i -  

CONCLUSIONS 

1. I r r a d i a t i o n  creep i n  t h e  range of 330 t o  60O0C i s  independent of temperature i n  t he  presence of 
f u s i o n  r e a c t o r - l i k e  hel ium generat ion ra tes  i n  t h e  a u s t e n i t i c  s t e e l s  studied. 

approaching two a t  h igh  stresses. 
l i m i t e d  range o f  s t r ess  a t  t he  h igher  temperatures. 

The i r r a d i a t i o n  creep r a t e  i s  t h ree  t o  t e n  t imes h igher  f o r  t h e  h igh-hel ium ORR i r r a d i a t i o n ,  where 
t h e  He:dpa value i s  about 12, compared w i t h  FFTF i r r a d i a t i o n ,  where t he  He:dpa value i s  on ly  0.28 appm/dpa. 

2. I r r a d i a t i o n  creep s t r a i n  i s  l i n e a r  i n  s t r ess  a t  low st resses but  increases w i t h  a s t r ess  exponent 
This was most apparent i n  PCA bu t  was observed on ly  a t  330°C due t o  t he  

3. 
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Values Reference 

16 1 17 = 4.8 x la- ’  exp (-0.41 eV/kT 

‘He-” = 5 R 

Dv = 1.4 x exp (-1.38 eV/kT) 

D H ~  - DH(Ni) 

G* = 2.7 x 10-7/cm-3 5-1 

Cv = 10-6 atom f r a c t i o n  

DV 

V T  
c .  = c 

1 

(ORR exper i-  
mental data)  

4. The h igher  creep r a t e  i s  be l ieved t o  
r e s u l t  from e i t h e r  t h e  lower f l u x  i n  t he  ORR 
experiment or  from the  h igher  l e v e l  o f  helium. 

i s  proposed t o  account f o r  t he  inc rease i n  
creep r a t e  due t o  helium. 

5. A mechanism o f  hel ium-assisted c l imb 

FUTURE WORK 

I r r a d i a t i o n  creep work w i l l  be extended 
i n  two ways: 
a d d i t i o n a l  a l loys .  The experiments ORR-MFE- 
65 and -75 w i l l  cover temoeratures of 60. 

t o  lower temperatures and t o  

200, 330. and 4 O O O C .  
a u s t e n i t i c  and f e r r i t i c  a l l o y s  w i l l  be 

In add i t i on ,  both 

inves t iga ted .  
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IRRADIATION CREEP AND EMBRITTLEMENT BEHAVIOR OF A I S I  316 STAINLESS STEEL AT VERY HIGH NEUTRON FLUENCES 
0. L. Po r te r  (Argonne Nat iona l  Laboratory)  
F. A. Garner ( P a c i f i c  Northwest Laboratory)  

OBJECTIVE 

The ob jec t  of t h i s  e f f o r t  i s  t o  determine t he  mechanisms by which t h e  m ic ros t ruc tu ra l  evo lu t i on  of i r r a d i a -  
t e d  a u s t e n i t i c  a l l o y s  respond t o  d i f f e rences  i n  composit ion o r  r a d i a t i o n  var iables.  

SUMMARY 

The i r r ad ia t i on- induced  creep and s w e l l i n g  o f  A I S I  316 s t a i n l e s s  s t e e l  have been i nves t i ga ted  a t  two tem- 
peratures (400 and 550°C) t o  very h igh  neutron fluences. It i s  shown t h a t  creep and s w e l l i n g  can be con- 
s idered  as i n t e r a c t i v e  phenomena w i t h  several  stages o f  creep r e l a t e d  t o  t h e  t o t a l  amount o f  accumulated 
swel l ing.  The f i n a l  stage invo lves  t h e  apparent cessat ion of creep and has been observed on ly  a t  t he  h i ghe r  
i r r a d i a t i o n  temperature. The development of a co inc ident  and severe ex- reactor  embr i t t lement  problem a f t e r  
i r r a d i a t i o n  a t  400°C appears a l so  t o  be separa te ly  r e l a t e d  t o  t he  development of subs tan t i a l  swel l ing.  Th i s  
l a t t e r  phenomenon was not  observed a t  550'C. The mechanisms thought t o  be poss ib ly  responsib le f o r  each o f  
these two phenomena are discussed i n  d e t a i l .  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

I n  e a r l i e r  repor ts ,  i t  was shown t h a t  a t  550'C t he  neutron- induced creep r a t e  o f  A I S I  316 s t a i n l e s s  s tee l  
unexpectedly begins t o  dec l i ne  a t  h igh  f luence and eventua l l y  d isappear. l *2 This phenomenon appears t o  be 
r e l a t e d  only t o  t he  presence o f  s i g n i f i c a n t  l e v e l s  o f  vo id s w e l l i n g  (5  t o  l o%) ,  which i n  t u r n  i s  determined 
by t he  s t a r t i n g  thermomechanical cond i t i on  o f  t he  a l l o y  and t he  accumulated neutron fluence. One conse- 
quence o f  t h i s  phenomenon i s  t h a t  t he  t o t a l  d iametra l  growth r a t e  o f  i n t e r n a l l y  p ressur ized  capsules cannot 
exceed -0.33%/dpa, the  r a t e  d i c t a t e d  by steady- state s w e l l i n g  alone. 

It was i n i t i a l l y  thought  t h a t  t he re  might be a second c reep- re la ted  consequence i n  response t o  t he  accumu- 
l a t e d  vo id  volume. S i g n i f i c a n t  changes i n  f r a c t u r e  mode were a l so  found t o  occur i n  t h i s  s t e e l  co i nc i den t  
w i t h  5 t o  10% swel l ing,  a l though these observat ions were made on s tee l  specimens i r r a d i a t e d  a t  lower temper- 
atures ( i n  t he  range of 370 t o  430'C) and t es ted  out  of reactor.1.3 
connection ex i s t ed  between t he  two phenomena, i n  which t he  reduced creep r a t e  was somehow re l a ted  t o  t he  
s t rong  reduc t ion  i n  t e a r i n g  modulus observed i n  ex- reactor  t e n s i l e  t es t s .  

I n  order  t o  t e s t  t h i s  supposi t ion,  a ser ies  o f  creep capsules i r r a d i a t e d  a t  -4OO'C were examined. The f i r s t  
r e s u l t s  were repor ted  elsewhere' bu t  t he  capsules d i d  not  e x h i b i t  a reduc t ion  i n  creep r a t e  s i m i l a r  t o  t h a t  
observed a t  550°C. The 400'C capsules were i r r a d i a t e d  t o  h igher  displacement l e v e l s  than those a t  5 5 0 Y  
(-130 versus 80 dpa) and were mainta ined a t  a l a r g e r  range o f  hoop s t r ess  l eve l s  (343 versus 206 MPa). Note 
t h a t  400 and 550°C are t he  temperatures a t  t he  a x i a l  cen ter  o f  the  capsules. There a re  small g rad ien ts  i n  
temperature a long t he  tubes bu t  t he  data i n  t h i s  r epo r t  were ex t rac ted  only fran the  c e n t e r l i n e  pos i t i on .  

Th is  paper repor ts  t he  r e s u l t s  o f  cont inued i n v e s t i g a t i o n  of t he  400 and 550OC creep experiments, concen- 
t r a t i n g  on t he  poss ib l e  r e l a t i o n s h i p  between the  changes i n  f r a c t u r e  mode and t he  disappearance o f  creep 
w i t h  i nc reas ing  swe l l ing .  

It was speculated t h a t  a poss ib l e  

Experimental D e t a i l s  

The s t e e l  employed was t h e  V87210 reference heat of A I S I  316 used i n  t he  U.S. Breeder Reactor Program. 
composi t ion i n  w t %  was Fe-13.57 Ni-16.36 Cr-2.88 Mo-1.42 Mn-0.47 Si-0.07 C-0.02 P-0.01 S wi th  <0.005 B. 
Th i s  s t e e l  was i r r a d i a t e d  i n  f i v e  m e t a l l u r g i c a l  cond i t ions :  s o l u t i o n  annealed, 10% cold-worked, 20% cold-  
worked, 20% cold-worked fo l lowed by aging f o r  24 hours a t  48PC (designated Heat Treat  C), and Heat Trea t  C 
fo l lowed by another aging f o r  216 hours a t  704'C t o  cause extensive carbide p r e c i p i t a t i o n .  Th is  l a t t e r  heat 
t reatment  i s  herea f te r  designated as Heat Treat  0 but  i s  o f t en  c a l l e d  t he  Garafa lo treatment. A l l  condi-  
t i o n s  were prepared us ing  vendor-produced 20% cold-worked s t e e l  as t he  s t a r t i n g  cond i t ion .  Thus, t he  10% 
cold-worked cond i t i on  was prepared by working t he  annealed cond i t i on  prepared i n  t he  l abo ra to r y  from t h e  20% 
c o l  d-worked cond i t ion .  

The two sets (400 and 550'C) o f  hel ium-pressur ized creep capsules have been descr ibed i n  d e t a i l  e lse-  
where.5'6 I n  b r i e f ,  a l l  capsules were 1.02 m long w i t h  an ou ter  diameter o f  0.584 cm and a w a l l  th ickness  
o f  0.038 un. Whereas the  400'C capsules were p ressur ized  t o  hoop s t ress  l e v e l s  ranging from 0 t o  343 MPa 
(50 k s i )  a long t h e i r  length, only the  t o p  0.28 m l eng th  o f  t he  550Y  capsules was pressur ized  t o  y i e l d  hoop 
s t r ess  l e v e l s  vary ing from 0 t o  207 MPa (0 t o  30 k s i ) .  A t y p i c a l  55OoC capsule i s  shown i n  F igure  1. The 

I t s  
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DISTANCE ALONQ FIN 

Fig .  1. P i c t u r e  o f  a 550OC I r r a d i a t i o n  Creep Capsule and Typ ica l  Pro f i lometer  Traces of I r r a d i a t e d  
Capsules. The 400°C capsules a re  p ressur ized  a long t h e i r  e n t i r e  length. 

p ressur ized  p o r t i o n  of t he  5 5 0 Y  capsule was welded t o  t he  lower p o r t i o n  o f  t he  capsule which conta ined a 
tan ta lum rod whose nuc lear  heat ing  ra i sed  the  temperature of t he  reac to r  sodium as i t  f lowed upward. The 
400'C capsules a l s o  conta ined a l oose l y  f i t t i n g  s t a i n l e s s  s tee l  rod i n  t he  bottom 0.71 m. The purpose o f  
t h i s  rod was t o  reduce t he  pressure pu lse  associated w i t h  gas re lease  t h a t  would accompany a sudden p i n  
f a i l u r e .  

The i r r a d i a t i o n s  proceeded i n  two 37-pin subassemblies i n  Row 7 o f  t he  Experimental Breeder Reactor EBR-I1 
i n  dah0 a l l s .  Idaho. Approximately 5 dpa (+ lo%) a re  produced i n  t he  core of t h i s  r eac to r  f o r  each 1.0 x 

p o r a t i n g  t h e  p o s i t i o n  dependence of t he  neutron energy spectra. Most capsules were i r r a d i a t e d  a t  constant  
s t r ess  and temperature bu t  some were d e l i b e r a t e l y  subjected t o  abrupt changes i n  s t r ess  l e v e l  and/or tm- 
perature.  Inadver ten t  changes i n  s t r ess  l e v e l  a l so  occurred when some capsules f a i l e d  dur ing  i r r a d i a t i o n .  
Capsules which experienced such changes are covered i n  more d e t a i l  elsewhere.' 

The tan ta lum rod i n  t he  550°C capsule a l so  served t h i s  same purpose. 

lo2$  nfcm 5 (E>0.1 MeV). The dpa (displacements per  atom) l e v e l s  c i t e d  f o r  each datum are  der ived  by i nco r-  
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The capsules were cycled i n  and ou t  o f  reac to r  f o r  i n t e r i m  examination and measurement. Sone of these were 
measured as many as twenty- two times, averaging between examinations approximately  6 dpa a t  t he  core cen ter -  
l i n e  pos i t i on .  Diameter measurements were made w i t h  a con tac t  p ro f i l ome te r  on a s p i r a l  t r a c e  a long t h e  
e n t i r e  l eng th  o f  t h e  capsule a f t e r  each i r r a d i a t i o n  per iod.  
F i gu re  1. Some capsules had obv ious ly  f a i l e d  dur ing  a g iven i r r a d i a t i o n  pe r i od  and most of these were w i t h-  
drawn. Those t h a t  d i d  no t  f a i l  and a few of those t h a t  d i d  f a i l  were re tu rned f o r  r e i r r a d i a t i o n  u n t i l  a 
dec i s i on  was made t o  te rmina te  t h e  i r r a d i a t i o n  of t h a t  p a r t i c u l a r  capsule. A t  t h a t  po in t ,  t he  un fa i l ed  cap- 
sules were punctured and t he  gas volume measured t o  con f i rm  t h a t  t he  design s t r ess  l e v e l  had been mainta ined 
throughout  t he  i r r a d i a t i o n  . 
Some capsules, p a r t i c u l a r l y  those t h a t  were i n i t i a l l y  i n  t he  annealed cond i t i on  a t  55OoC, were found not  t o  
have gas pressure a t  t he  end o f  t he  experiment and thus t o  have f a i l e d  a t  an inde termina te  t ime by some no t  
q u i t e  obvious rode, such as p in- ho le  fai lure. '  It i s  pos tu la ted  t h a t  t h i s  occurred as a consequence of t he  
design pressure (which i s  reached only i n  reac to r )  exceeding t he  y i e l d  s t r ess  o f  t he  so f t e r  annealed mate- 
r i a l  a t  55OOC. causing the  end-cap weld t o  f a i l  a t  the beginning of the i r r a d i a t i o n .  Since t he  s t r ess  
h i s t o r y  of these capsules was unknown, these p i ns  were no t  used i n  t h e  ana lys is  of i r r a d i a t i o n  creep. 

Some capsules were sect ioned i n t o  1 i n .  a x i a l  increments and immersion dens i t y  measurements were performed 
t o  determine t h e  amount o f  s t ress- af fec ted  swe l l ing .  

Examples of t y p i c a l  t races  a re  shown i n  

Resul ts :  4OO0C Capsules 

When t h e  40OoC capsules were removed fo r  t he  l a s t  t ime from the  hexagonal duct t h a t  encases them du r i ng  
i r r a d i a t i o n ,  it became obvious t h a t  they would have t o  be handled w i t h  care. One of t h e  capsules f a i l e d  i n  
a very b r i t t l e  manner wh i le  being p u l l e d  out  of t he  duct assembly. As shown i n  F igure  2, another capsule 
broke i n t o  t h ree  pieces wh i l e  being clamped i n t o  a v i s e  f o r  c u t t i n g  o f  dens i ty  sect ions.  I n  each case, t h e  
capsules which f a i l e d  were a t  40OoC and were constructed from the  h igher  s w e l l i n g  Heat Treat  D mate r i a l  a t  a 
hoop s t r ess  o f  276 MPa (40 k s i ) .  Each f a i l e d  i n  t he  reg ion  near t he  core center  p o s i t i o n  a t  dose l e v e l s  of 
-130 dpa w i t h  a l o c a l  s w e l l i n g  l e v e l  o f  -14%. The f a i l u r e  m d e  appears t o  be i d e n t i c a l  t o  t h a t  repor ted  i n  
References 1 and 3. 

No s i m i l a r  m b r i t t l e m e n t  problems were observed f o r  capsules i r r a d i a t e d  a t  400'C i n  m r e  swe l l i ng- res i s tan t  
thermomechanical cond i t ions  o r  f o r  capsules i r r a d i a t e d  i n  any cond i t i on  a t  55OoC, even though t h e  l a t t e r  
accumulated s w e l l i n g  l e v e l s  ranging from 9 t o  20%. 

The two capsules t h a t  f a i l e d  upon removal not  only exh ib i t ed  t h e  l a r g e s t  l e v e l s  o f  s w e l l i n g  a t  400°C bu t  
a l s o  t he  l a r g e s t  l e v e l s  o f  i r r a d i a t i o n  creep. 
Heat Trea t  D a t  400°C and 276 MPa was found t o  have a t o t a l  diameter change of 20%. w i t h  roughly 15% due t o  
i r r a d i a t i o n  creep. Using a procedure descr ibed i n  d e t a i l  elsewhere,b t he  instantaneous creep c o e f f i c i e n t  
can be ca l cu la ted  from diameter measurements of both st ressed and unstressed capsules, assuming t h a t  swel- 
l i n g  a t  40OoC i s  not  very s e n s i t i v e  t o  s t ress .  Based on o ther  r e s u l t s  t h i s  assumption appears t o  be rea-  
sonable.438 The s t r ess- f ree  s w e l l i n g  r a t e  of t h i s  s t ee l  a t  400'C was found t o  range from 0.05 t o  0.11% per 
dpa, depending on t he  thermomechanical s t a r t i n g  cond i t i on  and t he  environmental h is tory.4 

As demonstrated i n  F i gu re  3, one c a r e f u l l y  handled capsule of 

F igure  4 shows t h a t  
i s  r e l a t i v e &  la$-ge 
and 30 x 10 cm I n -  

ates than'does Heat Treat  0. Note i n  F igure  6 t h a t  t he  instantaneous creep c( 
s t e e l  i s  independent of s t r ess  l e v e l  and a l so  appears t o  sa tu ra te  i n  magnituc 

the instantaneous creep coe f f i c i en t  for the Heat Treat 0 cond i t i on  a t  400°C and 276 MPa 
a t  f i r s t  and increases s t e a d i l y  w i t h  f luence. poss ib ly  s a t u r a t i n g  somewhere between 20 
,mi. F igure  5 shows t h a t  t h e  20% cold-worked cond i t i on  both creeps and swe l ls  a t  400OC 

a t  slower r 
cold-worked 
exposure. 

) e f f i c i e n t  o f  20% 
le a t  h igher  

Resul ts :  5 

The s w e l l i n y  or ~iir r i v e  m e r a ~ t u r g ~ ~ a ~  C U ~ U I L I U I I ~  U I  L ~ I >  x.ert ~ ( 0  yerteran I ~ O  YSSF~ 8 u u d  a t  550'C t o  be 
Heat Trea t  D >annealed> 20% cold-worked, Heat Treat  C >lo% cold-worked.536 The l esse r  s w e l l i n g  of t h e  10% 
cold-worked cond i t i on  probably r e f l e c t s  t he  d i f f e r e n t  anneal ing cond i t i ons  it received i n  t h e  l abo ra to r y  
compared t o  t h a t  of t he  mi l l - prepared  20% cold-worked cond i t ion .  Normally, t he  swe l l i ng  decreases as t h e  
cold-work l e v e l  increases, p rov id i ng  t h a t  t h e  in te rmed ia te  anneal ing cond i t i ons  between cold-work passes 
does not  change. 
i n c l u d i n g  t h e  r a t e  o f  feed of t he  tube t wy anneals are i n  general 
conducted f o r  t imes t h a t  exceed t he  r e s i  

The onset of swe l l i ng  f o r  A I S 1  316 i s  known t o  be s e n s i t i v e  t o  many produc t ion  va r i ab les  
hrough t h e  anneal ing furnace.9 Laborat i  
dence t ime of m i l l - prepared  steels.  

* &. f ______. ._ - _ 1 1 1 _ _  _-_ - 7 - L - -  Since t h e  creep r a t e  i s  genera l l y  thoughr GO InLred>e OS w r ~ t l r y  ~ L L U ~ U I ~ L L ~ ~ .  one would expect t h a t  t h e  
t o t a l  deformat ion would e x h i b i t  t he  same dependence on s t a r t i n g  cond i t i on  as seen i n  the  s w e l l i n g  behavior. 
F i gu re  7 shows t h a t  t he  t o t a l  deformat ion behavior  o f  a t y p i c a l  se r i es  o f  55OoC capsules fo l lows t he  t rends  
observed i n  t he  swe l l i ng  behavior of e a r l i e r  s tudies.  

F i gu re  8 shows t he  t o t a l  d iametra l  s t r a i n s  measured a t  t he  p o s i t i o n  of maximum displacement r a t e  fo r  t h ree  
h i gh  f luence capsules i n  t h e  Heat Trea t  D cond i t ion .  
deformation decreases i n  du ra t i on  w i t h  inc reas ing  st ress,  t he  pos t - t r ans ien t  deformat ion r a t e  does not  

Note t h a t  wh i l e  t he  t r a n s i e n t  regime of d iamet ra l  
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Fig. 2. Fa i lu re  During Mounting of Severely Ernbrittled AIS1 316 Capsule i n  the Heat Treat D Condition 
a f te r  I r r a d i a t i o n  t o  130 dpa a t  400'C and a Hoop Stress of 276 MPa (40 k s i ) .  
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F i g .  3. I r r a d i a t i o n  Creep and Swel l ing- Induced S t r a i n  a t  400'C f o r  t h e  Heat T rea t  0 C o n d i t i o n  i n  t h e  
Unstressed and Stressed Capsules. 

F ig .  4. Instantaneous Creep C o e f f i c i e n t  of Heat T rea t  D a t  400'C Der ived  from Data i n  F i g u r e  3 

appear t o  change. 
0.33XIdpa expected f rom s teady- s ta te  s w e l l i n g  alone. 
10% and 20% cold-worked condi t ions.2 '7  I t  appears t h a t  t h e  wel l- known l i n e a r  s t r e s s  dependence of t h e  
i r r a d i a t i o n  creep r a t e  has disappeared somewhere between hoop s t r e s s  l e v e l s  of 0 and 103 MPa (15 k s i ) .  
Based on t h e  c u r r e n t  concept ion o f  i r r a d i a t i o n  creep where t h e  l a r g e s t  component o f  t h e  creep r a t e  i S  
thought  t o  be p r o p o r t i o n a l  t o  t h e  s w e l l i n g  rate'  one would expect a t  200 MPa t o  reach and m a i n t a i n  a creep 
r a t e  a t  h i g h  f l u e n c e  t h a t  approaches a va lue comparable t o  t h e  swe l l i ng- induced  deformat ion r a t e .  

and then f a l l s  toward zero t h e r e a f t e r .  

Even mare s i g n i f i c a n t l y ,  t h e  t o t a l  de fo rmat ion  r a t e  does no t  exceed t h e  va lue of 
( S i m i l a r  behavior  was a l s o  observed a t  550°C i n  t h e  

F i g u r e  9 
creep c o e f f i c i e n t  o f  Heat T rea t  0 a t  206 MPa (30 k s i )  peaks between 20 and 

D iscuss ion  

The data presented i n  t h i s  and e a r l i e r  r e p o r t s  suggest t h a t  both t h e  ex- reac to r  embr i t t l ement  observed a t  
room temperature ( f o r  m a t e r i a l  i r r a d i a t e d  a t  -400°C) and t h e  l a t e- t e r m  disappearance o f  i r r a d i a t i o n  Creep 
a t  550'C a r i s e  independent ly  as consequences of l a r g e  l e v e l s  o f  s w e l l i n g .  
t o  be d i r e c t l y  r e l a t e d  and each occurs a t  d i f f e r e n t  temperatures i n  t h i s  study. The severe low temperature 
e m b r i t t l e m e n t  a t  400OC has been asc r ibed  t o  t h e  compound a c t i o n  of a s t r o n g l y  rad ia t ion- hardened  m a t r i x  and 
t h e  l a t e- t e r m  segrega t ion  of n i c k e l  t o  v o i d  surfaces.3 

These two phenomena do not  appear 

The s t r o n g  dependence of s t a c k i n g  f a u l t  energy on 
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Fig.  5. I r r a d i a t i o n  Creep and Swel l ing- Induced S t r a i n  a t  400OC o f  t h e  20% Cold-Worked Cond i t i on  
i n  Unstressed and Stressed Capsules. The s t r ess  l e v e l s  were 206, 276, and 343 MPa (30,40,50 k s i )  
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Fig .  6. Instantaneous Creep C o e f f i c i e n t s  a t  400'C o f  20% Cold-Worked A I S 1  316 Der ived f rom Data 
i n  F i gu re  5 
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Fig.  7. Typ ica l  Deformation Behavior a t  Core Cen te r l i ne  of 550°C Creep Capsules w i t h  D i f fe ren t  Stress 
Levels and S t a r t i n g  M e t a l l u r g i c a l  Condit ions. 

n i c k e l  and chromium content  and p a r t i c u l a r l y  on deformat ion temperature combine t o  promote extensive s t r ess-  
induced format ion of E-martensi te i n  t he  n icke l- dep le ted  mat r i x ,  lead ing  t o  a very b r i t t l e  ex- reactor  
f r a c t u r e  mode charac te r ized  as quasi-cleavage. 
probably r e f l e c t s  several aspects of the  much lower dens i t i es  o f  m i c ros t ruc tu ra l  components induced by 
r a d i a t i o n  a t  550'C compared t o  those produced a t  400°C. F i r s t ,  the  rad ia t ion- induced hardening i s  w c h  
lower a t  550°C and second, t he  surface area of t he  voids i s  much lower f o r  a given l e v e l  of swe l l ing . lQ 
Th is  would tend t o  reduce the  t o t a l  amount of  n i cke l  removal from the  ma t r i x  and may help t o  account f o r  the  
absence of severe embr i t t lement  a t  550°C. 

I n  t h i s  study, only Heat Treat D capsules were observed t o  f a i l  and embr i t t lement  t e s t s  were not conducted 
on o the r  thermomechanical cond i t ions .  E a r l i e r  s tud ies  have shown t h a t  embr i t t lement  i s  independent o f  
s t a r t i n g  cond i t ion ,  however, and depends p r i m a r i l y  on t he  s w e l l i n g  level., 

P r i o r  t o  d iscuss ing  t he  disappearance of creep a t  550'C and i t s  maintenance a t  4OO0C, one must f i r s t  be con- 
v inced t h a t  t he  observat ion of creep disappearance i s  not an a r t i f a c t  of t he  t e s t  procedure. The gas pres-  
sure and volume are always determined a t  the  end of each capsule 's  l i f e  and thus creep disappearance cannot 
be ascr ibed  t o  loss  o f  gas pressure. The gas pressure does drop as the  capsule diameter increases i n  res-  
ponse t o  i r r a d i a t i o n  creep. It i s  very easy t o  show, however, t h a t  the  s t r ess  i n  t he  w a l l  s tays t he  
same, s ince  t he  diameter change i s  compensated by a t h i n n i n g  o f  the  capsule wa l l .  While the  b i a x i a l  s t r ess  
s t a t e  o f  p ressur ized  capsules do not cause the  capsule t o  increase i n  leng th  as a r e s u l t  o f  creep, t h e  
capsule does increase i n  a l l  th ree  important dimensions ( length. diameter, and wa l l  th ickness)  i n  response 
t o  swe l l ing .  
f o l l o w i n g  mnner .  

The absence o f  severe embr i t t lement  i n  t he  5 5 0 T  capsules 

It i s  a simple c a l c u l a t i o n  t o  show t h a t  the  hoop s t r ess  w i l l  decrease w i t h  s w e l l i n g  i n  t he  
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where 5 i s  the  average swe l l i ng  over t he  e n t i r e  leng th  o f  t he  capsule. 
su les S i s  r e l a t i v e l y  small even f o r  l a r g e  values of maximum swe l l ing .  Thus, the  drop i n  creep r a t e  cannot 
be ascr ibed s o l e l y  t o  t he  e f f e c t  o f  swe l l i ng  and creep on capsule dimensions. 

If we search f o r  m i c ros t ruc tu ra l  o r i g i n s  o f  creep disappearance, t he re  are a number o f  mechanism which come 
t o  mind. F i r s t ,  i t  has been proposed by Jung and Ansari t h a t  i r r a d i a t i o n  creep i s  co r re l a ted  t o  the  y i e l d  
s t reng th  of a metal a l though " t h i s  c o r r e l a t i o n  must f o r  the  present be considered e n t i r e l y  e m p i r i c a l . " l l  
The increase i n  y i e l d  s t r eng th  due t o  rad ia t ion- induced m ic ros t ruc tu ra l  components has been determined pre-  
v i o u s l y l a  and t he  hardening associated w i t h  swe l l i ng  i s  i n s u f f i c i e n t  t o  account f o r  t he  near cessa t ion  of 
creep observed i n  t h i s  experiment a t  550T.  Even more impor tan t l y ,  t he  y i e l d  s t reng th  of i r r a d i a t e d  
AIS1 316 i s  much h igher  a t  4OOOC than a t  55O0C,l0 but  i t  i s  a t  the  h igher  temperature t h a t  creep disappears. 

Due t o  the  long l eng th  o f  these cap- 
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F ig .  9. 
Data i n  F igure  8 

Instantaneous Creep Coef f i c ien t  of Heat Treat D a t  550°C and 206 MPa (30 k s i )  Derived from 
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Creep and s w e l l i n g  i n  var ious models have been assumed t o  be p ropo r t i ona l  t o  some func t i on  o f  t he  shear 
modulus, as discussed elsewhere.12 
thermal conduc t i v i t y  and e l a s t i c  p roper t ies .  The l a t t e r  inc lude  t he  shear, bulk, and Young's moduli, as 
we l l  as Poisson's r a t i o .  The o r i g i n  and magnitude of these changes have been descr ibed by a number o f  
researchers.13-17 The var ious moduli are p red ic ted  t o  drop i n i t i a l l y  w i t h  swe l l i ng  a t  a r a t e  o f  1 t o  2 per-  
cent per  percent  o f  swe l l i ng  bu t  Poisson's r a t i o  changes a t  a much lower rate.  Marlowe and Appleby measured 
Young's modulus t o  increase i n i t i a l l y  i n  annealed s tee l  as the  d i s l o c a t i o n  dens i ty  increased and then t o  
dec l i ne  a t  a r a t e  o f  1.6 t o  2.78 f o r  each percent o f  swelling.17 Straalsund and Day determined t h a t  t h e  
shear, Young's and bulk moduli dec l ined  a t  a r a t e  of 2.3, 2.4, and 2.6 percent  per percent o f  swell ing.18 
Poisson's r a t i o  was a lso  found t o  decrease a t  a r a t e  of 0.23 percent  per  percent  o f  swe l l ing .  None o f  these 
changes are s u f f i c i e n t  i n  themselves t o  account f o r  t he  disappearance o f  creep. 

There a re  o the r  types o f  d i r ec t - coup l i ng  mechanisms whereby swe l l i ng  might a f f e c t  creep and lead  t o  i t s  
eventual disappearance. F i r s t  of a l l ,  a t  l a r g e  l e v e l s  of swel l ing,  the  overwhelming m a j o r i t y  o f  d i s l oca-  
t i o n s  te rmina te  on vo id  surfaces, a s i t u a t i o n  i n  which t he  c l imb r a t e  of d i s l oca t i ons  can be s t r ong l y  a f f e c -  
t e d  by p i pe  d i f f u s i o n  i n t o  t he  voids. Th is  might change t he  net b ias  o f  t he  d i s l o c a t i o n  network. 
t he  g l i d e  d is tance  w i l l  be decreased as t he  voids become the  dominant obstacle.  Th is  would make d i s l o c a t i o n  
c l imb over void obstacles t he  dominant creep mechanism and reduce t he  amount o f  g l ide- type  creep t h a t  can 
occur f o r  a g iven l e v e l  o f  i r r a d i a t i o n .  

Th i rd ,  if the  creep process i s  now r e s t r i c t e d  p r i m a r i l y  t o  i r r ad ia t i on- induced  c l imb o f  d i s l oca t i ons ,  one 
can env i s i on  a s i t u a t i o n  i n  which t he  st ress- induced absorp t ion  (SIPA) creep mechanismlg may no longer  
operate e f f e c t i v e l y .  This mechanism requ i res  t h a t  t he  c l imb of d i s l oca t i ons  l y i n g  on some planes be 
enhanced by t he  app l ied  s t ress  s ta te ,  wh i le  o ther  less  favorab ly  o r i en ted  d i s l oca t i ons  are i n h i b i t e d  i n  
t h e i r  c l imb ra te .  I n  shor t ,  t h i s  mechanism requ i res  t ha t  d i s l o c a t i o n s  be on d i f f e ren t  planes and have d i f -  
fe ren t  Burgers vectors.  Gel les and coworkers have recen t l y  shown t h a t  l a r g e  l e v e l s  o f  app l i ed  s t r ess  l ead  
t o  a s t rong  an iso t ropy  o f  d i s l oca t i ons  such t h a t  unfavorably o r i en ted  d i s l oca t i ons  e x i s t  a t  s u b s t a n t i a l l y  
reduced dens i t i es ,  wh i l e  favorab ly  o r i en ted  d i s l oca t i ons  a re  s t r o n g l y  increased i n  density.20'21 S i m i l a r  
s t ress- induced an iso t rop ies  have been observed i n  the  Frank loop population.22.23. Hence, t he  S I P A  creep 
mechanism may no t  f unc t i on  very e f f e c t i v e l y  a f t e r  t he  app l ied  s t r ess  s t a t e  has s u b s t a n t i a l l y  a l t e r e d  t h e  
d i s l o c a t i o n  and loop mic ros t ruc tu re .  

The fo rego ing  d iscuss ion  on st ress- induced anisotropy o f  d i s l oca t i ons  and loops i s  based on an iso t rop ies  
which were observed t o  develop p r i o r  t o  the  onset of subs tan t i a l  l eve l s  o f  swe l l ing .  
show how such an iso t rop ies  are af fected by the  dominating presence of voids, which w i l l  e xe r t  t h e i r  own b ias  
contr ibut ion.2 '  
l o c a l  s t r ess  s t a t e  experienced by d i s l oca t i ons .  This l a t t e r  cons idera t ion  has not been addressed t h e o r e t i c -  
a l l y  and may have a l a rge  impact on i r r a d i a t i o n  creep. 

Another poss ib l e  i n f l uence  o f  voids l i e s  i n  t h e i r  a b i l i t y  t o  segregate n i cke l  a t  t h e i r  surfaces, p rev ious l y  
discussed as a c o n t r i b u t i n g  cause o f  t he  severe embr i t t lement  phenomenon. 
f a u l t  energy from one l o c a t i o n  t o  another, w i t h  poss ib le  e f f e c t s  on format ion and separat ion o f  p a r t i a l  d i s -  
loca t ions .  The segregat ion of n i cke l  w i l l  a l so  change t he  b ias con t r i bu t i ons  a r i s i n g  from the voids 
themselves.25 

None o f  t he  above c i t e d  mechanisms o f f e r  i n  themselves an obvious exp lanat ion  as t o  why creep disappears 
a t  550'C bu t  not  a t  400OC. Perhaps t he  cessat ion of creep may only be co inc ident  w i t h  l a r g e  l e v e l s  o f  
s w e l l i n g  but  not d i r e c t l y  r e l a t e d  t o  void growth. As an example of another poss ib le  mechanism, i t  was shown 
i n  an e a r l i e r  paper t h a t  the  format ion o f  i n t e r m e t a l l i c  phases a t  h igher  i r r a d i a t i o n  temperatures a f fec ts  
t h e  thermal creep rate.26 These phases do not  form a t  400°C. 

While most of t he  mechanisms c i t e d  above could ac t  t o  decrease t he  r a t e  o f  i r r a d i a t i o n  creep, no one of them 
appears t o  be s u f f i c i e n t  i n  i t s e l f  t o  cause t he  t o t a l  e l i m i n a t i o n  of creep. Perhaps t he  net  e f fec t  of a l l  
these mechanisms i s  somehow compounded t o  induce t he  phenomenon o f  creep disappearance. Since the  d iametra l  
creep r a t e  sa tu ra tes  a t  approximately one- th i rd  o f  l%/dpa, t he  l a t t e r  being t he  s teady- s ta te  s w e l l i n g  
rate.27 t h i s  imp l ies  t h a t  s t ress- af fec ted  swe l l i ng  i t s e l f  i s  i s o t r o p i c .  These swel l ing- induced increases i n  
volume obv ious ly  r equ i re  d i s l o c a t i o n  motion but  t he  apparent disappearance o f  creep imp l ies  e i t h e r  a g r e a t l y  
reduced m o b i l i t y  of d i s l oca t i ons ,  o r  a t  l eas t  a reduc t ion  i n  t h e i r  a b i l i t y  t o  sense and reac t  t o  t he  s t r ess  
s ta te .  Th is  apparent paradox awaits the  a c q u i s i t i o n  o f  more data before it can be resolved. It i s  d i f f i -  
c u l t  t o  imagine, however, how the  app l ied  and swel l ing-generated st resses are being r e l i e v e d  on a mic ro-  
scopic l e v e l  when t he  macroscopic creep r a t e  seems t o  have disappeared. 

There i s  another conclus ion of relevance t o  the  sub jec t  of swel l ing- creep i n te rac t i ons .  Current design 
p r a c t i c e  i s  t o  use creep and swe l l i ng  p r e d i c t i v e  c o r r e l a t i o n s  a r i s i n g  from separate data bases. 
are generated a t  much l a r g e r  than a n t i c i p a t e d  s t r ess  l e v e l s  i n  order  t o  maximize t he  l e v e l  of creep and 
f a c i l i t a t e  i t s  measurement wh i l e  swe l l i ng  equations are of ten der ived  from i r r a d i a t i o n  of s t ress- f ree  speci-  
mens. The p red i c t i ons  of such creep and swe l l i ng  c o r r e l a t i o n s  are combined under t he  i m p l i c i t  assumption 
t h a t  creep and swe l l i ng  s t r a i n s  are independent and a d d i t i v e  even though creep seems t o  be r e l a t e d  t o  swel- 
l i n g  i n  i t s  e a r l y  stages. 
t i o n  i n t o  doubt. 

There are void- induced changes i n  the  basic p rope r t i es  o f  metals such as 

Second, 

There a re  no data t o  

Perhaps even more impor tan t l y ,  t he  presence of h igh  l e v e l s  of l a r g e  voids w i l l  d i s t o r t  t h e  

Th is  w i l l  change the  s tack ing  

Creep data 

The phenomenon of creep disappearance casts the  u n q u a l i f i e d  use of t h i s  assump- 
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It has been proposed t h a t  the.creep r a t e  E a t  any re levant  temperature i s  l i n e a r l y  dependent on s t r ess  a and 
re l a ted  t o  the  swe l l i ng  r a t e  S by the  f o l l ow ing  r e l a t i 0 n . 2 7 - ~ ~  

The cregp coTyl ianc 
1 x 10- MPa 
i s  l i kew i se  thought t o  be r e l a t i v e l y  constant a t  -lo-' MPafl  over a wide range o f  s t ee l s  and t e m p e r a t ~ r e s . 2 ~  

Using t he  i n s i g h t  gained i n  an e a r l i e r  studyr of stress- independent swe l l i ng  a t  400°C t o  analyze the  data i n  
F igure  3, the  vplues o f  Bo and Do can be ca lcu la ted .  Note i n  F igure  4 t h a t  t he  instantaneous creep c o e f f i -  
c i e n t  ( B  
A t  zero !pa and there fo re  zero swe l l i ng  ra te ,  Bo i s  indeed -1 x 10- MPa-' dpa- . Assyming-7 swe l l i ng  r a t e  
of -0.04%/dpa and using the  40 ks i  curve a t  130 dpa, Do i s  ca l cu la ted  t o  be -0.6 x 10- 
mates of both Bo and Do thus appear t o  be i n  good agreement w i t h  t he  a n t i c i p a t e d  values. 

CONCLUSIONS 

The creep r a t e  o f  AIS1 316 induced by neutron r a d i a t i o n  appears t o  be in f luenced by t he  onset o f  swe l l ing ,  
f i r s t  inc reas ing  i n  d i r e c t  p ropo r t i on  t o  the  swe l l i ng  r a t e  and sometimes decreasing and even ceasing as 
voids become the  dominant fea tu re  o f  the  mic ros t ruc tu re .  The nature of the  i n t e r a c t i o n s  between creep and 
s w e l l i n g  appear t o  be independent of temperature i n  t h e  ea r l y  stages of swe l l i ng  but  dependent on tempera- 
t u r e  i n  the  l a t e r  stages. 

The emergence o f  a severe embr i t t lement  phenomenon associated w i t h  swe l l i ng  l i kew i se  appears t o  be s t r ong l y  
dependent on temperature bu t  i s  not  thought t o  be d i r e c t l y  r e l a ted  t o  the  disappearance o f  creep. While t he  
m ic ros t ruc tu ra l  o r i g i n s  o f  the  m b r i t t l e m e n t  phenomenon appear t o  be r e l a t i v e l y  simple and c l ea r ,  the  posSi- 
b l e  causes o f  the  cessat ion of creep are many and i t  may be t h e i r  aggregate opera t ion  t h a t  i s  the  o r i g i n  of 
t he  ohenomenon. 

Bo has been shown t o  be independent of temperature and approximately equal t o  
dpa" f o r  a wide range o f  a u s t e n i t i c  s ee ls  29.30 The swelling-enhanced creep c o e f f i c i e n t  D 

+ Do 5 )  i s  independent o f  s t ress  l eve l  as p red ic ted  and agpears t o  sa lu ra te  a t  h igher  exposures. 

MPa . The e s t i -  

FUTURE WORK 

Th is  e f f o r t  w i l l  cont inue,  focussing on microscopic examination of the  f r a c t i i r e  surfaces of t he  AIS1 316 
tubes i r r a d i a t e d  a t  400'C. 
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SWELLING AN0 PHASE STABILITY OF COMMERCIAL Fe-Cr-Mn ALLOYS IRRADIATED I N  FFTF-MOTA 
J .  M. McCarthy and F. A. Garner ( P a c i f i c  Northwest Laboratory)  

OBJECTIVE 

The o b j e c t  o f  t h i s  e f f o r t  i s  t o  determine t h e  s u i t a b i l i t y  of Fe-Cr-Mn base a l l o y s  f o r  f us ion  reac to r  
serv ice.  

SUMMARY 

F i ve  canmercial a l l o y s  based on t h e  Fe-Cr-Mn a l l o y  system have been i r r a d i a t e d  i n  FFTF-MOTA a t  420, 
520 and 600°C t o  exposures ranging as h igh  as 60 t o  75 dpa. Sane a l l o y s  were i r r a d i a t e d  i n  two or t h r e e  
thermal-mechanical s t a r t i n g  cond i t ions .  Densi ty  measurements have been performed on a l l  combinations of  
a l loy .  thermal-mechanical t reatment and i r r a d i a t i o n  cond i t ion .  Microscopy on t h ree  of t h e  f i v e  a l l o y s  
has been cmple ted ,  concent ra t ing  on l y  on t h e  h ighes t  exposure l e v e l  a t  each temperature. 

Compared t o  t h e  simple Fe-Cr-Mn te rna ry  a l loys.  t h e  c m e r c i a l  a l l o y s  tended to develop l e s s  a- and 
E-martensite and a - f e r r i t e  b u t  h igher  l e v e l s  o f  MZ3Cb and a .  

PROGRESS AND STATUS 

Introduction 

I n  previous reports,  t h e  swe l l i ng  and phase s t a b i l i t y  of simple F6-Mn an 
explored a f t e r  i r r a d i a t i o n  i n  FFTF-MOTA t o  var ious  neutron exposure l eve l s .  
frcm dens i ty  change measurements were a l so  reported f o r  f i v e  cmm r c i a l  Fe-Cr-Mn base a l l o y s  i r r a d i a t e d  
t o  exposures of 9 dpa a t  42OoC, and 14 dpa a t  both 520 and 600°C.y-3 The c m p o s i t i o n  and thermal 
mechanical s t a r t i n g  cond i t i ons  o f  these a l l o y s  a r e  shown i n  Tables I and 11. 

Fe-Cr-Mn a l l o y s  were 
Swel l ing  data der ived 

Swel l ing  data a re  now a v a i l a b l e  f o r  these a l l o y s  f o r  t h r e e  exposure l e v e l s  a t  each temperature of 
420. 520 and 600°C. 
l e v e l s  which range fran 60 t o  75 dpa. 
complete and examination of  AMCR i s  i n  progress. 

Microscopy i s  a l so  i n  progress on specimens i r r a d i a t e d  a t  t h e  h ighes t  exposure 
A t  t h i s  t i m e  microscopy on 18/18 Plus. N i t r o n i c  32 and NMF3 i s  

The d e t a i l s  of t h e  experimental procedure a r e  t h e  same as those o f  t h e  e a r l i e r  s tud ies  and a re  s e t  
The a l l o y s  are being examined i n  bo th  t h e  u n i r r a d i a t e d  and i r r a d i a t e d  condi t ions.  f o r t h  i n  Reference 2. 

W i s  of Swel l in0  Measuranents 

The swe l l i ng  observed i n  these a l l o y s  i s  shown i n  F igures  1-4. A l l  a l l o y s  were observed t o  e x h i b i t  
vo id  swe l l i ng  t o  one degree o r  another, w i t h  NMF3 having t h e  l e a s t  amount. -- - 

As shown i n  F igu re  5. t h i s  a l l o y  i n  t h e  20% cold-worked c o n d i t i o n  e x h i b i t s  a h igh  dens i ty  of 
d i s l o c a t i o n s  and tw ins  i n  a m a t r i x  of Y. A f t e r  i r r a d i a t i o n  t o  75 dpa a t  420'C. M$Cb p r e c i p i t a t e d  
hanogeneously as cubes ,w i t h i n  undeformed p o r t i o n s  of t h e  m a t r i x  and heterogeneous y on t w i n  boundaries 
and h igh  angle g r a i n  boundaries. as shown i n  F igures  6a and 6b. 
r e ta ined  a h igh  dens i ty  of d i s l o c a t i o n s  and tw ins  and developed t h e  same p r e c i p i t a t e  s t r u c t u r e  b u t  it 
a l so  e x h i b i t e d  r e c r y s t a l l i z a t i o n  a t  some g r a i n  boundaries. The r e c r y s t a l l i z e d  g ra ins  were found t o  be 
a - f e r r i t e  w i th  w id ths  on t h e  order  of 200 nm. 

The cold-worked and aged c o n d i t i o n  

A t  52OoC and 75 dpa t h e  heterogeneous p r e c i p i t a t e s  were l a r g e r  than t h a t  observed a t  42OoC bu t  t h e  
hanogeneous p r e c i p i t a t i o n  was approximately t h e  same (see F igure  71. 
c o n d i t i o n  t h e  heterogeneous p r e c i p i t a t e s  were l a r g e r  and arranged i n  planes along t w i n  boundaries. It 
a l so  appeared t h a t  they formed a t  t h e  expense o f  a reduced homogeneous popu la t ion  i n  t h e  matr ix .  as shown 
i n  F igu re  8. 

I n  t h e  cold-worked and aged 

A f t e r  i r r a d i a t i o n  a t  600°C t o  60 dpa, t h e  cold-worked ma te r i a l  contained MZ3C w i t h i n  t h e  g ra ins  and 
o along g r a i n  boundaries (see F igure  9). 
i n t r ag ranu la r  M C 
boundary triple2;o?nts as nuc lea t ion  s i t es ,  as shown i n  F igu re  10. 
MZ3C6 a t  600°C i n  t h e  cold-worked and aged ma te r i a l  was i n  weight  % 78Cr3Mn-17Fe-ZMo. 
0 i n  t h e  same specimen had a c m p o s i t i o n  i n  weight  X of 58.5Cr-4OFe-1.5Mo. 

I n  contrast ,  t h e  cold-worked and aged ma te r i a l  d i d  no t  Contain 

The canpos i t ion  o f  t h e  i n te rg ranu la r  
and t h e  a p r e c i p i t a t e s  were more equiaxed i n  nature, showing a preference f o r  g r a i n  

The i n t e r g r a n u l a r  
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Fig. 1. Swell ing observed i n  a l l o y  18/18 Plus i n  t h e  cold-worked and cold- 
worked and aged condit ions. 

Displacements per Atom 

Fig. 2. Swell ing observed i n  a l l oys  N i t r o n i c  32 and NMF3, both in t he  cold- 
worked condi t ion.  
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Cold-Worked 

Dlsplacements per Atom 

Fig. 3 .  Swell ing observed i n  a l l o y  AMCR i n  th ree  thermal-mechanical 
condit ions. 

Cold-Worked Cold-Worked 

4 0  60  8 0  0 20 4 0  6 0  8 0  0 20 4 0  60  8 0  
Dlsplacements per Atom 

Fig. 4. Swell ing observed i n  a l l o y  NONMAG 30 i n  th ree  thermal-mechanical 
condit ions. 
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Table I. Composition o f  Commercial F6-Cr-Mn Austen i t ic  A l loys  

Desianatlon LQrubt v 
N i t r o n i c  A l l oy  32 m C 0  18Cr-12Mn-l.5Ni-0.6Si-O.2Cu-O.ZMo-0.4N-O.lC-O.02P 
18/18 Plus CARTEM 18Cr-18Mn-0.5N1-0.65i-1.0Cu-1.1Mo-0.4N-0.1C-0.0ZP 
AMCR 0033 CREUSOT-MARAEL 10Cr-18Mn-O.7Ni-O.6S 1-0.06N-0.2C 

NONMAG 30 KOBE 2Cr-14Mn-2 .ONi-O.3Si-O .02N-0.02P-O .6C 
NMF3 CREUSOT-MARREL 4Cr-19Mn-0.2N1-0.7Si-0.09N-0.OZP-0.6C 

Table 11. Thermal-Mechanical S ta r t i ng  Conditfons 

N i t r o n i c  A l loy  32 CW 
18/18 Plus CW. CWA 
AMCR 0033 MI, CWA. SAA 
NMF3 cw 
NONMAG 30 CW. CWA. SAA 

Note: CW = lO3O0C/0.5 h / a i r  cool + 2G$ cold-work. CWA = cold-worked cond i t i on  + 65OoC/ 
h l a i r  cool. SAA = 1O3O0C/l h /a i r  cool + 76OoC/Z h l a i r  cool. 
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As shown i n  Figure 11. t h i s  a l l o y  i n  t h e  cold-worked and un i r rad ia tad condi t ion e x i s t s  p r imar i l y  as 

Yand contains a high densi ty o f  twins and dis locat ions.  There is .  however. a small volume f r a c t i o n  o f  
E-martensite as evidenced by weak d i f f r a c t i o n  spots showing ~ o O O l ~ ~ l l ~ l l l ~ y  i n  an area containing 
stacking f a u l t s  (Figure 12). 

ma t r i x  but  only on tw in  boundaries. A t  52O0C, the re  was heterogeneous p r e c i p i t a t i o n  o f  h$k g u t  the re  
was s t i l l  no hanogeneous p r e c i p i t a t i o n  w i t h i n  the matrix. Decreasing the Mn content and ncreasing the  
N i  content appears t o  s t rong ly  suppress M C6 carbide prec ip i ta t ion.  
g ra in  boundaries and a t  t r i p l e  po in ts  witi?sane in t ragranu lar  p r e c i p i t a t i o n  (Figure 13). 

A t  an i r r a d i a t i o n  temperature of 42OoC the re  was sane heterogeneous p r e c i p i t a t i o n  of C i n  t h e  Y 

A t  600'C ,, phase was observed along 

Cold-worked NMF3 p r i o r  t o  i r r a d i a t i o n  exh ib i ted a high d i s loca t ion  density w i th  tw ins  i n  a y matrix. 
There were a l so  t h i n  c-martensite p la tes  w i t h i n  the Y (as shown i n  Figure.14) and occasional ly there were 
gra ins  canposed so le l y  of E-martensite. 

Fol lowing i r r a d i a t i o n  a t  420OC. there was p r e c i p i t a t i o n  on the  tw in  boundaries as wel l  as the  c / Y  
boundaries. These boundaries were attacked p re fe ren t ia l l y  dur ing electropol ishing, as shown i n  Figure 
15, presumably Uue t o  canposit ional changes induced by i r rad ia t i on .  Sane o f  the  p rec ip i ta tes  on these 
boundaries were i d e n t i f i e d  t o  be M C6 and were on t h e  order of 60 nm i n  size. 
of M c 
c o m p 8 i h o n  65Mn-ZOFe-15Cr was a lso found i n  an ex t rac t i on  repl ica.  
t h i s  prec ip i ta te .  shown i n  Figure 17. There was no evidence o f  c-martensite formation. 

Hanogeneous p r e c i p i t a t i o n  
a lso Occurred w i t h i n  the  " matrix (Figure 16). A second unknown type o f  p r e c i p i t a t e  of 

Analysis i s  underway t o  i d e n t i f y  

A t  52OoC the most s t r i k i n g  feature of the  microst ruc ture  was the  extensive decanposition o f  the  Y / Y  
grain,boundaries i n t o  wide b e l t s  o f  mixed a f e r r i t e  grains. MZ3C6 and retained austenite. as shown i n  
Figures 16-20. The gra ins  themselves were Y w i t h  homogeneous p r e c i p i t a t i o n  of MuC6. 

A t  600'C decanposition a t  g ra in  boundaries was not  observed b u t  the  microst ruc ture  was q u i t e  
d i f f e ren t  from t h a t  observed i n  the  other two a l l o y s  i n  t h a t  no a was observed. Also. as shown i n  
Figures 21  and 22. la rge (-1m wide) 6-martensi te p la tes  have formed and w i t h i n  these p la tes  l a rge  M 
rods have prec ip i ta ted.  
which were elongated). as wel l  as stacking f a u l t s  and twins. 
p rec ip i ta tes  found a t  g ra in  boundaries (Figure 23). 

uscussm 

c6 
The remainder of t he  y mat r i x  contained a l o w  densi ty o f  l a r g e  voids (sane 3 

There were a l so  large (300-500 m) M23C6 

With t h e  exception of t h e  lower swel l ing  a l l o y  WF3, there are  not  l a rge  differences i n  swel l ing  
behavior fo r  a l l oys  w i th  the same thermal-mechanical condit ion. I n  assessing the  e f f e c t  o f  composition 
and thermal-mechanical cond i t i on  on swelling, it i s  i n s t r u c t i v e  t o  make a canparison between the  
camnercial a l l o y s  and the  simple a l l oys  descrlbed i n  References 1-5. 
fac t  t h a t  the  simple a l l o y s  w i t h  two exceptions (Fe15Cr-15th and Fe30MnI5 were i r r a d i a t e d  on ly  i n  t h e  
annealed condi t ion and most o f  t he  c m e r c i a l  a l l oys  were i r r a d i a t e d  only i n  the cold-worked o r  cold- 
worked and aged condit ions. 
prov id ing the  thermal-mechanical cond i t ion i s  the same. 

This exerclse i s  canpl lcated by the  

We can on ly  make v a l i d  comparisons f o r  s i m i l a r  so lu te  levelS. however. 

Cold-worked 18/18 Plus begins t o  swell a l i t t l e  l a t e r  than does cold-worked N i t r o n i c  32. The major 
dl f ference between these two a l l oys  i s  the  higher man anese l e v e l  o f  18/18 Plus. 
manganese was observed i n  the  simple Fe-Cr-Mn 
worked 18/18 Plus i s  roughly the  same. 
chranium leve l .  
chranium leve l .  

A s i m i l a r  t rend w i th  

The major d i f fe rence between these two a l l o y s  i s  the  l a e r  
The swel l ing  o f  cold-worked AMCR and cold- 

The swel l ing  of simple ternary  a l l oys  was found e a r l i e r  t o  be q u i t e  i nsens i t i ve  t o  

Other comparisons become a b i t  more precarious due t o  substant ia l  va r ia t i ons  i n  more than one 
element. 
The e f fec t  of n icke l  content on swel l ing  o f  Fe-Cr-Mn-Ni a l l oys  has recent ly  been shown t o  be sanewhat 

s o l u t e f r e e  ternary  a l l oys  i s  thought t o  r e f l e c t  p r  m r i l y  the  add i t i on  of s i l i con ,  an element known t o  
have a l a rge  in f luence on delaying vo id  nucleation. 

A comparison between NMF3 and MONMPG 30 spans s i g n i f i c a n t  di f ferences i n  Cr. Mn. Ni. S i  and N. 

The r e l a t i v e l y  long incubat ion per iod of a l l  t he  commercial a l l oys  canpared t o  those o f  the  

Several other features of the swel l ing  data deserve notice. F i r s t ,  cold-working delays Swell ing i n  
AMCR and the  e f fec t  of aging i s  variable. both i n  agreement w i th  the data o f  Reference 5. 
swel l ing  a t  520 and 6OO0C i s  usua l ly  of the same magnitude i n  each a l l o y  whi le  t h a t  o f  42OoC is UsUallY 
s i g n i f i c a n t l y  lower. F ina l l y .  
t he  swel l ing  data a t  r e l a t i v e l y  l o w  neutron fluence frequent ly e x h i b i t  negative values o r  can be 
extrapolated t o  p o s i t i v e  nonzero in tercepts  a t  0 dpa, both of which ind icate  the  presence o f  phase- 
re la ted changes i n  a l l o y  density. 

Second. the 

The same trends were observed i n  the simple s o l u t e f r e e  ternary  al loys.  
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The p a e s t a b i l i t y  of t h e  s imp le  Fe-Cr-Mn a l l o y  s y s t m  du r i ng  neutron i r r a d i a t i o n  has been s tud ied  
p r e v i o u s l $ z  and t h e  phase s t a b i l i t y  dur ing  neutron i r r a d i a t i o n  of. more c m p l i c a t e d  a l l o y s  has a l s o  been 
reported. 
du r i ng  cold-work and/or thermal aging. 

t h e  sequent ia l  m b r i t t l i n g  mar tens i te  t rans format ions  Y --+ D +a 
a l t e r e d  sanewhat by i r r a d i a t i o n  due t o  t h e  opera t ion  of f% in%se K?%ndall effect. '  A lso observed 
was t h e  tendency dur ing  i r r a d i a t i o n  t o  form f e r r i t e  phases and t h e  i n t e r m e t a l l i c  c h i  phase. 
e m b r i t t l i n g  o was n o t  observed i n  annealed a l l o y s  i n  e i t h e r  t h e  un i r rad ia ted  or  i r r a d i a t e d  cond i t ions4 

bu t  d i d  form i n  cold-worked solute-modified a l l o y s  dur ing  thermal aging.5 

addi t ions,  it i s  a l s o  s t rong l y  enhanced by c ~ l d - w o r k i n g . ~ ~ ~ ~ ~ ~ ~  
mechanism f o r  o fo rmat ion  t h a t  centers  on t h e  very h i g h  d i f f u s i v i t i e s  encountered on moving g r a i n  
boundaries du r i ng  r e c r y s t a l l i z a t i o n .  

Add i t iona l  s tud ies  have b n onducted on t h e  phase s t a b i l i t y  o f  va r i ous  Fe-Cr-Mn s t e e l s  
5.77-15 

I n  t h e  absence of so lu tes  Fe-Cr-Mn a l l o y s  i n  t h e  annealed c o n d i t i o n  a e known t o  be suscep t i b l e  t o  
l5 a process h i c h  can be 

The 

While a formation dur ing  thermal aging i s  known t o  be accelerated by molybdenum and s i l i c o n  
Garner, Abe and Noda have advanced a 

I n  t h e  c u r r e n t  study, t h e  f o l l ow ing  general features were observed. F i r s t ,  t h e  commercial a l l o y s  
a re  much more s t a b l e  aga ins t  mar tens i te  and f e r r i t e  format ion than t h e  u n s t a b i l i z e d  t e rna ry  a l loys .  
i s  of course t h e  r a t i o n a l e  f o r  adding aus ten i t e  s t a b i l i z i n g  elements such as N. C and Ni. 
i r r a d i a t i o n  E-martensi te was observed on ly  i n  NMF3. t h e  a l l o y  w i t h  t h e  lowest  l e v e l  of chranium. With a 
reduc t ion  i n  €-martensi te formation. t he re  a r e  fewer nuc lea t i on  s i t e s  f o r  a-martensi te formation. 
a - f e r r i t e  was observed on ly  i n  18/18 P lus  i r r a d i a t e d  a t  42OOC. (SchUle and coworkers a t  t h e  J o i n t  
Research Center i n  Ispra, I t a l y  i n  a p r i v a t e  communication have s ta ted  t h a t  t h e i r  s tud ies  show t h e  
tendency toward a - f e r r i t e  format ion becanes much stronger a t  400°C than a t  6OODC). 
observed i n  t h e  e a r l i e r  s tud ies  t o  form i n a - f e r r i t e  and a-martensite. it i s  a l s o  n o t  s u r p r i s i n g  t h a t  c h i  
phase was n o t  observed i n  t h i s  study. 

w i t h  temperature and f e l l  as t h e  chranium lave? ? e l l .  
t h e r e f o r e  formed t h e  l e a s t  amount o f  M2+,. even though it has t h e  h ighes t  l e v e l  of carbon (0.6%). 

F i n a l l y .  t h e  low l e v e l  of chranium i n  NMF3 precludes t h e  format ion of t h e  chranium- rich a .  The 
fo rmat ion  o f  a requ i res  h igh  temperatures and r e c r y s t a l l i z a t i o n  which exp la ins  why o was observed i n  
cold-worked and cold-worked and aged 18/18 P lus  and N i t r o n i c  s t e e l s  bu t  on l y  a t  6OOOC. 

This  
F o l l w i n g  

Since c h i  phase was 

Second, t h e  formation of chmmium-rich M2 C , a d i r e c t  consequence o f  carbon add i t ion ,  increased 
NMF3 has a very low l e v e l  o f  chranium (4%) and 

Fo m i o n  o f  (r 
can occur even i n  t h e  absence o f  r a d i a t i o n  for t h e  range o f  manganese l e v e l s  s tud ied  here. 5 3  

Several phases t h a t  were n o t  observed should be mentioned. F i r s t .  Cr2N was n o t  observed although 
Second, it has been repor ted  t o  develop i n  long' du ra t i on  creep specimens constructed from AMCR alloy.i3 

no rad ia t ion- induced n i c k e l - r i c h  phases such as y '  or G phase were found. r e f l e c t i n g  t h e  low l e v e l  o f  
n i cke l  i n  these a l l oys .  It i s  these phases t h a t  a re  known t o  c o n t r o l  much o f  t h e  s w e l l i n g  behavior  o f  
FkCr -N i  s teels.7p8 

Conclusions 

While t h e  phase s t a b i l i t y  o f  AMCR has n o t  y e t  been invest igated,  t h e  swe l l i ng  res is tance and phase 
s t a b i l i t y  o f  t h e  c m e r c i a l  a l l o y s  w i t h  reasonable (110%) chranium l e v e l s  i s  super io r  t o  t h a t  o f  s imple 
t e rna ry  Fe-Cr-Mn a l l oys .  'This o f f e r s  promise t h a t  a s u i t a b l e  Fe-Cr-Mn a l l o y  can be developed f o r  f u s i o n  
serv ice.  Care must be taken, haeve r .  t o  ensure t h a t  t h ree  e m b r i t t l i n g  phases, E-martensite, 
a-martensi te and a- fe r r i t e ,  no t  be replaced by o the r  p o t e n t i a l l y  de le te r j ous  phases such as carbides and 
o t h a t  show a preference f o r  nuc lea t ing  a t  g r a i n  boundaries where they can i n i t i a t e  i n te rg ranu la r  

f a i l u r e .  

E&xQlhk 

Th is  e f f o r t  w i l l  conti.nue, concent ra t ing  on t h e  phase s t a b i l i t y  of i r r a d i a t e d  AMCR s tee l  and t h e  
thermal s t a b i l i t y  o f  a l l  s t e e l s  i n  t h i s  exDeriment. 
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Fig. 5. Br ight  f i e l d  TEM image of unirradiated 
cold-worked 18/18 Plus. 

Fig. 6a. Br ight  f i e l d  TEM image of cold-worked 
18/18 Plus i r radiated a t  420%. 

Fig. 6b. Br ight  f i e l d  and dark f i e l d  TEM images of y matrix showing homogeneous and heterogeneous 
precip i ta t ion of ~ ~ 3 ~ 6  i n  18/18 Plus i r radiated a t  42OoC. 
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Fig. 9a. B r i gh t  f i e l d  TEM image o f  small rec- 
tangular prec ip i ta tes along a gra in  
boundary and w i t h i n  t he  gra in  i n  cold- 
worked 18/18 Plus i r rad ia ted  a t  600% 
t o  60 dpa. 

Fig. 9b. B r i gh t  f i e l d  image of o coat ing a gra in  
boundary w i th  sme M 
gra in  i n  cold-worked2?%18 Plus i r r a-  
diated a t  6OO0C t o  60 dpa. 

w i th in  t he  

Fig. 10. Br igh t  f i e l d  images of intergranular End lntragranular o prec ip i ta tes i n  cold-worked and aged 
18/18 Plus t h a t  was i r rad ia ted  a t  600 C t o  60 dpa. 
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-~ 

Fig. 11. Br igh t  f i e l d  image of uni r radia ted cold-worked N i t ron ic  Alloy 32. 

Fig.  12. a r igns  T i e l o  image UT a region i n  nirroiiic niiuy =L W I L I I  srac;ntrty T ~ Y I L S  arw d d i f f r a c t i o n  
pat tern  f r a  t h a t  
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Fig.  13. Br igh t  f i e l d  images of ln t ragranular  and in tergranular  o I n  cold-worked N l t ron lc  Al loy 32 
i r rad ia ted  a t  600°C t o  60 dpa. 



157 

c 1 7  

Fig. 14a. Bright f i e ld  image of unirradiated 
cold-worked NMF3 showing * I n s  and a 
high dislocation density. 

Fig. 14b. Dark f i e ld  image of (martensite in 
unirradlated cold-worked NMF3. 

Fig. 15. Bright f i e l d  image of cold-worked NMF3 irradiated a t  420% with inset diffraction pattern 
s h a i n g  a i >  ~ i < i i i > ~ .  

2 3 6  



Fig. 16. B r igh t  f i e l d  image o f  unknown precipi tate,  
having a canposit ion i n  weight X o f  
65Mn-20Fe15Cr a t  a twin boundary i n  NMF3 
i r rad ia ted  a t  420% t o  15 dpa. 

' I  

Fig. 18. SEM micrograph o f  the surface of an 
electrc-pol ished NMF3 specimen i r rad ia ted  
a t  520°C t o  75 dpa showing h igh ly  deca- 
posed Y / Y  gra in  boundaries, 

F' 
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Fig. 17. Low index microdi f f ract ion pattern frcm 
t he  unkncwn p rec ip i ta te  i n  Fig. 16. 

Fig. 19. B r i gh t  f i e l d  E M  image o f  a decanposed 
gra in  boundary i n  NMF3 i r rad ia ted  a t  
52OoC t o  75 dpa. 

Fig. 20. B r i gh t  f i e l d  EM image of a decanposed gra in  boundary a t  higher magnif icat ion s h a i n g  faceted 
u g r a i n s  and a m ic rod i f f rac t ion  pat tern fran one o f  the Q grains a t  a a l l>  zone axis. 
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Fig. 21. B r i g h t  f i e l d  image of E-martensite p la tes  
i n  NMF3 i r r a d i a t e d  a t  6OO0C t o  60 dpa. 

Fig. 22. Dark f i e l d  TEM image of E-martensite 
p la tes  w i t !  i n s e t  d i f f r a c t i o n  pat tern  
shar ing <1210>, I l<llO>y. 

Fig. 23a. bi ay"c I I W / I U  ILI-~ -.-J- - a  ' p - 0  - *  8 - - . . .  " 8 .  A , , L ~ , y n a u ~ u l ~ ,  C I n  cold-worked NMF3 
i r r a d i a t e d  a t  668'6 t o  60 dpa a t  h igher 
magnif ication. 

boundaries, l a r g e  voids (sane elongated) 
and stacking f a u l t s  w i t h i n  Y gra ins  I n  
NMF3 i r r a d i a t e d  a t  600'C t o  60 dpa. 
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6.3 Vanadlu Alloys 

HYDROGEN CONCENTRATION DISTRIBUTION IN VANADIUM-BASE ALLOYS AFTER SURPACE PREPARATION AND EXPOSURE TO 
LIQUID LITHIUM - 8. A. Loomis, A. B. Hull, 0. K. Chopra, and D. 1. Smith (Argonne National Laboratory) 

oBJECT1n 

The objective of this research is to provide guidance on the applicability of vanadium-base alloys for 
structural comwnenta in a fusion reactor. 

SlMpuRY 

The A concentration distributions in near-surface layers of V-ISCr-5Ti and V-3Ti-O.SSi alloy specimens 
were determined by uae of a chemical dissolution technique together with a determination of the hydrogen 
partial pressure on heating the specimens. 
resistance to hydrogen embrittlement of the V-3Ti-O.SSi alloy in comparison to the V-15Cr-5Ti alloy. 
the H concentration distributions in the V-15Cr-5Ti and V-3Ti-0.SSi alloys were determined after immersion 
in liquid lithium at SOO°C for 20-25 h. The H concentration in the V-ISCr-STi alloy decreased from an 
initial level of 0.19 at. % to 0.002 at. % and the H concentration in the V-)Ti-O.5Si alloy decreased from 
0.31 at. X to 0.034 at. X after the lithium exposure. 
ductility exhibited by the V-ISCr-STi alloy, in comparison to the V-3Ti-1Si and V-2uPi alloys, on neutron 
irradiation is not attributable to an increased H concentration. Significant amounts of H were evolved from 
corrosion products formed on the surface of the V-3Ti-O.5Si alloy during the lithium exposure. The V-3Ti- 
0.5Si  alloy has a twofold greater propensity for H uptake than the V-ISCr-5Ti alloy. 

These results contribute to an understanding for the exceptional 
Also, 

These results suggest that the greater loss of 

PROGRESS AND STATUS 

Introduction 

The temperature dependence of the tensile properties of the V-ISCr-STi, V-ISTi-7.5Cr, V-2OTi. 
V-IZCr-STi, V-IOCr-STi, V-IOCr-IOTI, V-3Ti-O.lSi, and V-3Ti-O.SSi alloys has been determined for tempera- 
tures ranging from 25 to 700°C.1*2 
from these tensile test results, was less than 25OC for the V-ISTi-7.SCr, V-ZOTi, V-3Ti-O.lSi, and V-3Ti- 
0.SSi  alloys. The DBTT for the V-IOCr-STi, V-IZCr-STi, V-IOCr-lOTi, and V-ISCr-STi alloys was also less 
than 2S°C if these alloys were annealed to reduce the hydrogen concentration prior to the tensile test. 
If these latter alloys were not annealed prior to the tensile test, the DBTT ranged from 40'C to 90%. 
Therefore, a CrfTi concentration ratio of 1.0-3.0 in these V-Cr,Ti,Si alloys resulted in greater suscepti- 
bility to hydrogen embrittlement. Subsequent analyses of the hydrogen concentration in the V-15Cr-5Ti and 
V-3Ti-O.SSi alloys revealed that the alloys contained 0.17 at. Z and 0.33 at. X hydrogen, respectively, if 
they were not annealed prior t Since the solubility of hydrogen in these alloys at 25% 

alloys by the low hydrogen concentration, but it was especially difficult to explain the absence of hydrogen 
embrittlement for the V-3Ti-O.SSi alloy containing twice the hydrogen cnncentration of the V-1SCr-STi alloy. 
These results aeemed explicable by the presence of an extremely non-uniform hydrogen concentration in the 
near-surface layers of the tensile specimens. We have used a chemical dissolution technique to determine 
the hydrogen concentration profile in the near-surface layers of V-15Cr-STi and V-3Ti-0.SSi alloy specimens. 
Hydrogen was introduced into the specimens by using the same surface finiahing schedule that resulted in 
embrittlement of the V-1SCr-STi alloy but not the V-3Ti-O.SSi alloy tensile specimens. 
presented in this report. 

The ductile-brittle transition temperature (DBTT), which was determined 

he tensile test.3 
was expected to be >1.5 at. %. 2.5 not only was it difficult to explain the embrittlement of either of the 

The results are 

The tensile properties for the V-lSCr-5Ti, V-ZOTi, and V-3Ti-ISi alloys have also been reported for 
specimens after neutron irradiation to 24-40 atom displacements per atom (dpa) at 400-7OO0C in the PPTF and 
EBR-I1  reactor^.^.^ 
tible to irradiation hardening and embrittlement than the V-2OTi and V-3Ti-1Si alloys. The greater suscep- 
tibility of the V-15Cr-STi alloy to irradiation embrittlement in comparison to the V-ZOTI and V-3Ti-1st 
alloys is not dissimilar to the greater susceptibility of the V-I5Cr-5Ti alloy to hydrogen embrittlement in 
comparison to the V-ZOTi and V-3Ti-O.SSi alloys. 
in a liquid lithium or sodium environment and subsequently retrieved from these media by dissolution of the 
lithium or sodium in liquid NHJ and/or in an ethyl-methyl alcohol mixture. Therefore, the potential existed 
for the introduction of hydrogen into the specimens and for contribution to the embrittlement of the alloys. 
In this report, we also present the results of a determination of the hydrogen concentration distribution in 
the V-15Cr-5Ti and V-3Ti-O.SSi alloys after exposure to liquid lithium at SOO'C and after alternative 
lithium dissolution procedures to retrieve the alloys from the aolid lithium. 

These tensile test results purportedly show that the V-ISCr-5Ti alloy is more suscep- 

The neutron-irradiated tensile specimens were irradiated 
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Materials and procedures 

Specimens with approximate dimensions Of 1.9 x 1.0 cm x 0.09 cm were obtained from 50% cold-worked 
sheet of the V-ISCr-STi and the V-3Ti-0.5Si allays. Chemical analyses of the materials, which were 
performed by the Analytical Department of the Teledyne Wah Chang Albany Company, are presented in Table 1. 
Hydrogen was introduced into these specimens by rigorous adherence to a surface finishing (SF) schedule. 

Table 1. Alloy compositions 

concentration 
Nominal (Wt %) Concentration (ppm) 

Composition Cr Ti 0 N C si H S 

V-15Cr-STI 13.5 5.2 1190 360 500 390 (5 <30 

V-3Ti-O.5Si 3.1 580 I90 140 5400 (5 90 - 

This schedule consisted of removal of a 25iZ-um-thick surface layer from each of the 1.9 x 1.0-cm surfaces 
by use of a Whirlimet machine and 30- , 12-, 9-, and 3-um-diameter alumina-coated papers in succession with 
water coolant. This SF schedule resulted in the introduction of 0.195 and 0.308 at. % H into the V-ISCr-STi 
and V-3Ti-O.SSi alloy specimens, respectively (each specimen had a total surface area of -3.80 cm'). 
Some instances this SF schedule was preceded by an anneal of the specimen at 1125-C for one hour in an 
ion-pumped vacuum system with B typical pressure of 8 x 
quantity of H that was introduced by the SF procedure. Also,  in some instances, the SF schedule for a 
specimen was followed by polishing for 30  or 60 min with a vibratory machine and 0.05-um-diameter alumina 
particles suspended in ethylene glycol. 

In 

mm Hg. The initial anneal did not change the 

Alloy specimens with an identical SF schedule or no SF, i.e.. in the as-received ( A R )  condition, were 
sectioned by chemical diesolution of specimen near-surface layers for layer thicknesses ranging from 4 to 
153 urn. In the case of the V-I5Cr-5Ti alloy, the chemical dissolution was accomplished by immersion of a 
specimen in a solution consisting of 25 vol. % H SO4, 25% HF, 2 5 %  H20, and 1% HN03 at 5-10°C. The chemical 
dissolution f o r  the V-3Ti-0.5Si alloy was accompfished by immersion of a specimen in a solution of 95% HN03 
and 5% HF at 5-10°C. 

The number of hydrogen atoms introduced into the specimens by a surface preparation procedure, the 
intrinsic hydrogen concentration in the specimens, and the hydrogen concentration in sectioned specimens 
were determined from the partial pressure of hydrogen (PH) that was evolved on heating a specimen at a rate 
of 15'C/min from 25'C to 100O'C. 
gas analyzer (RGA) mounted in an ion-pumped vacuum system. The temperature of a specimen during heating was 
determined by use of a recording infrared pyrometer. 
ture curve with the aid of a computer, and hydrogen concentration data obtained by use of the inert gas 
fuaion (IGF) technique for specimens with an identical SF schedule, provided a reference calibration for the 
PH versus T curves obtained for sectioned specimens. 

The PH was determined by use of a quadrupole, partial-pressure, residual 

Integration of the area under the PH versus tempera- 

Three important assumptions were necessary for the interpretation of the experimental results. ( I )  The 
alloy specimens that were analyzed for their hydrogen concentration by the IGF technique were heated to 
2600'C. It is assumed for the purpose of this report that significant hydrogen evolution from an alloy does 
not occur on heating above 100O'C. ( 2 )  It is assumed that the specimens prepared for sectioning contained 
nearly identical concentrations of hydrogen before sectioning. The experimental data show that the 
concentrations may differ by 0.01-0.02 at. %. ( 3 )  Since the specimens did not have exactly the same total 
surface area, the data were normalized to a surface area of 3.80 cm2 using a direct proportionality. 

For a determination of lithium exposure effects an the H distribution in vanadium-base alloys, 
V-15Cr-STi and V-3Ti-0.5Si alloy specimens were either (a) contained in open-top 304 stainless steel 
capsules, which were then filled with lithium and suspended in flowing lithium ( I  L/min) at 500'C for 20 h, 
or (b) immersed directly in the flowing lithium for 25 h. The lithium contained 0.07 at. % H. For a 
determination of the effect of diseolution of the lithium in the capsules on the H concentration distribu- 
tion in the V-15Cr-STi alloy, the lithium-filled capsules containing alloy specimens were immersed either in 
liquid NH3 or in an alcohol mixture containing 50% ethyl alcohol and 50% methyl alcohol chilled to 5-10'C. 
After dissolution of the lithium, the specimens were successively immersed in the alcohol mixture and in 
water. In the case of the specimens that were immersed directly in the flowing lithium, the lithium was 
removed from the specimens by immersion in liquid NH3 and by subsequent successive immersions in the alcohol 
mixture and water. 

Experimental results 

General Pu versus T curve. The general temperature dependence for the evolution of H from the 
specimens considered in this report is shown in Fig. 1. The contribution of adsorbed H to the total H 
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evolved d u r i n g  h e a t i n g  was r e l a t i G e l y  i n s i g n i f i c a n t ,  and t h e  adsorbed H was removed from t h e  chamber w i t h  
such r a p i d i t y  t h a t  it was imposs ib le  t o  r e l i a b l y  de te rmine  PH values. 
s o u r c e  of H (I, Fig. I )  was not  i n c l u d e d  i n  t h e  i n t e g r a t i o n  of t h e  PH v e r s u s  T curve. Hydrogen e v o l u t i o n  
from o x i d e s ,  c a r b i d e s ,  and n i t r i d e s  on t h e  s u r f a c e  of a specimen occur red  i n  t h e  t empera tu re  range of 200 t o  
300'C. The e v o l u t i o n  of H from t h e  V-I5Cr-5Ti and V-3Ti-0.5Si specimens t h a t  r e c e i v e d  a s u r f a c e  f i n i s h  
commenced a t  325°C and con t inued  t o  1000°C w i t h  t h e  peak e v o l u t i o n  o c c u r r i n g  a t  45O+5OpC. However, approx i-  
mately  95% of t h e  t o t a l  evolved H was r e l e a s e d  i n  t h e  t empera tu re  range of 325 t o  600'C. In  t h e  c a s e  of t h e  
as- rece ived  specimens t h a t  d i d  no t  r e c e i v e  a s u r f a c e  f i n i s h .  t h e  t empera tu re  f o r  peak e v o l u t i o n  of H from 
t h e  V-3Ti-0.5Si a l l o y  was 600°C. whereas t h e  t empera tu re  f o r  peak H e v o l u t i o n  from t h e  V-15Cr-STi a l l o y  was 
675°C. 

There fore .  t h e  c o n t r i b u t i o n  of t h i s  

Reference P, v e r s u s  T curves .  The r e f e r e n c e  PH versus T curves f o r  t h e  V-15Cr-5Ti and V-3Ti-0.5Si 
i n t e g r a t e d  a r e a  under t h e  PH v e r s u s  T curve f o r  H a l l o y s  are shown i n  Figs .  2 and 3, r e s p e c t i v e l y .  

e v o l u t i o n  from t h e  V-15Cr-5Ti a l l o y  was 141.36 x IO-' mm."C. The c o n c e n t r a t i o n  of  H i n  a specimen w i t h  t h e  
" i d e n t i c a l"  t r e a t m e n t  was determined by IGF t o  be 0.18 a t .  1. The i n t e g r a t e d  a r e a  f o r  H e v o l u t i o n  from t h e  
V-3Ti-0.5Si a l l o y  was 257.65 x IO-' mm*'C. 
t r e a t m e n t  was determined by IGF t o  be 0.33 a t .  I .  T h e r e f o r e ,  we o b t a i n  

Th 

The c o n c e n t r a t i o n  of H i n  a specimen w i t h  t h e  " i d e n t i c a l "  

785 x lo+ mm*°C/at. % H 

777 x mm."C/at. % H (V-3Ti-O.SSI). 

(V-15Cr-5Ti) 
and 

It should be noted i n  Figs .  2 and 3 t h a t  t h e  V-15Cr-5Ti and V-3TI-O.SSi specimens were p repared  by t h e  
" i d e n t i c a l"  procedure.  
mately  twice t h e  H c o n c e n t r a t i o n  i n  t h e  V-15Cr-5Ti a l l o y .  
t h e  V-3Ti-O.5Si a l l o y  i n  comparison t o  t h e  V-ISCr-STI a l l o y  was noted r e p e a t e d l y  i n  t h i s  s tudy .  

N e v e r t h e l e s s ,  t h e  H c o n c e n t r a t i o n  i n  t h e  V-3Ti-0.5Si a l l o y  specimen was approx i-  
The twofold g r e a t e r  p r o p e n s i t y  f o r  H r e t e n t i o n  i n  

The "blank" r e f e r e n c e  PH v e r s u s  T c u r v e s  f a r  t h e  V-I5Cr-5Ti and V-3Ti-0.5Si a l l o y  specimens are also 
shown i n  Figs .  2 and 3, r e s p e c t i v e l y .  With t h e  a i d  of t h e  computer,  t h e s e  curves were s u b t r a c t e d  from all 
the PH versus T curves subsequen t ly  p r e s e n t e d  i n  c h i s  r e p o r t .  This  s u b t r a c t i o n  was made i n  o r d e r  t o  p r o v i d e  
for some c o n s i d e r a t i o n  of adsorbed H and H desorbed  from t h e  wall of t h e  vacuum system. The H c o n c e n t r a t i o n  
i n  t h e  V-15Cr-5Ti a l l o y  specimen was determined t o  be 0.02 at .  % by IGF a n a l y s i s  and 0.011 a t .  % by RGA 
a n a l y s i s  (using t h e  convers ion  f a c t o r  from above) .  
was determined t o  be 0.02 at .  % by IGF a n a l y s i s  and 0.009 a t .  % by RGA a n a l y s i s .  The r e l a t i v e  H concen t ra-  
t i o n s  o b t a i n e d  by RGA a n a l y s i s  f o r  t h e  V-ISCr-STi and t h e  V-3Ti-0.5Si a l l o y s  are b e l i e v e d  t o  be more p r e c i s e  
t h a n  t h e  c o n c e n t r a t i o n s  o b t a i n e d  by IGF a n a l y s i s  because of an acknowledged u n c e r t a i n t y  i n  t h e  IGF a n a l y s e s  

The H c o n c e n t r a t i o n  i n  t h e  V-3Ti-0.5Si a l l o y  specimen 

f o r  H c o n c e n t r a t i o n s  of (0.025 at .  %. 

lo-'- 

- 
0 Iw2wm4005ooMom8oosoolm 

TEMPERATURE .T  IT1 

Fig. 1. General  t empera tu re  dependence of PH. 

TEMPERATURE .T IW 

Fig. 2. Reference PH v e r s u s  T f o r  t h e  V-15Cr-STi 
alloy. 
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3. Reference PH versus T for the V-3Ti-O.SSi alloy. 

Introduction of H during sectioning. Interpretation of the experimental sectioning results required 
that a minimal amount of H be either introduced into OK removed from the specimens during sectioning. The H 
concentration profiles that were obtained on sectioning the as-received V-15Cr-5Ti and V-3Ti-O.SSi specimens 
to a depth of 150 !m are shown in Fig. 4. In the case of the V-15Cr-STi alloy (Fig. 4a), there was evidence 
for the introduction of 0.025 at. X H after sectioning to a depth of 1 5 2  !m. In the case of the V-3TI-O.SSi 
allay (Fig. 4b), there was no evidence for the introduction of H by the dissolution process. In fact, the 
dissolution process may have caused a small (0.01 at. X )  reduction of the H concentration. These H concen- 
tration changes were considered to be acceptable relative to the concentration of H (0.2-0.3 at. %) intro- 
duced during the SF procedure. 
as-received vanadium-base a l l o y s .  

Moreover, these minor H Concentration changes may be intrinsic to these 

H concentration profile after sectioning. The integrated area derived from the PH versus T curves, the 
H concentration remaining in a sectioned sDecimen. and the H concentration in the sectioned layers of the 
V-15Cr-5Ti end V-3Ti-0.5zi specimens are listed in Table 2. 
AR, AR and surface finished, and the AR, surface finished, and sectioned V-15Cr-5Ti and V-3Ti-O.YSi epeci- 
mens is shown in Figs. 5 and 6 ,  respectively. For the purpose of clarity, PH data for specimens sectioned 
to only two depths, -5 and -150 urn, are presented in Figs. 5 and 6 .  

The temperature dependence of the P for the 

The near-surface H concentration profiles that were derived from the PH versus T curves for the 
surface-finished V-1SCr-5Ti and V-3Ti-0.551 alloy specimens are shown in Fig. 7. 
in Fig. 7 were obtained by plotting the H concentration that was determined for each layer thickness 
(Table 2 )  at the midpoint of the layer thickness. The average H concentration in the 4.7-um-thick near- 
surface layer of the V-3Ti-O.SSi alloy was 11.33 at. %, even though the bulk H concentration was only 
0.31 at. X .  
only 1.55 at. 4 ,  with a bulk H concentration of 0.20 at. X .  The relatively high H concentrations in the 
0-5 um near-surface region decreased in bath alloys to 0.4-0.5 at. X at the 31 um depth. The experimental 
results suggest a further increase of the H Concentration at depths ranging from 31 um to 50 urn, with an 
eventual decrease of the average H COncentKatfon to 0.15 at. % for the V-15Cr-5Ti alloy and 0.18 at. % for 
the V-3Ti-O.5Si alloy at the 150-440 urn depth. 

The concentration profiles 

However, the H concentration in the 5.9-um-thick near-surface layer of the V-I5Cr-5Ti alloy was 
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Fig. 4. Introduction of H during sectioning 
of (a) V-ISCr-5Ti and (b) V-3Ti-O.5Si alloys. 

Table 2. Hydrogen concentration in V-15Cr-5Ti and V-3Ti-0.5Si alloys 

Normalized H Layer Layer 
P VB. T Concentration Thickness H Concentration 

Allay (10K6 mm."C) (at. %) (urn) (at. %) 

V-ISCr-STi 149.90 
133.25 

143.39 
121.60 
118.03 

V-3Ti-O.5Si 239.38 
147.56 
137.84 
144.90 
223.72 
237.04 
150.61 
142.68 

0.195 
0.175 5.9 
0.162 16.1 
0.160 31.4 
0.188 67.2 

- 

0.159 
0.155 

100.4 
152.8 

0.308 - 
0.189 4.7 
0.177 8.0 
0.186 15.7 
0.288 31.3 
0.305 61. I 
0.194 101.2 
0.184 149.9 

- 
1.55 
0.94 
0.56 
0.14 
0.23 
0.19 

- 
11.33 
6.74 
3.38 
0.42 
0.17 
0.59 
0.45 
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Fig. 6. PH versus T for sectioned V-3Ti- Fig. 7. H concentration profile in surface- 

0 . 5 S i  alloys. finished V-15Cr-5Ti and V-3Ti-0.5Si alloy specimens. 

Effect of alloy immersion in lithium an the H distribution. The H concentrations in the V-ISCr-STi and 
V-3Ti-0.5Si alloy specimens after either direct immersion in liquid lithium at 500°C for 25 h or retrieval 
from lithium-fiiled-capsules that were immersed in the liquid lithium far 20 h are listed in Table 3. The 
V-15Cr-5Ti alloy specimens that were placed in the lithium-filled capsules initially contained 0.011 at. % 
H. The H Concentration in these specimens decreased to 0.004 at. % after diesolufion of the lithium in the 
capsule in liquid NH3 and to 0.009 at. % after dissolution of the lithium in the capsule in ethyl-methyl 
alcohol. 

The dependence of PH on T for the V-15Cr-STI and V-3Ti-0.5Si alloy specimens after direct immersion in 
liquid lithium (500'C) for 25 h is shown in Figs. 8 and 9 ,  respectively. 
V-15Cr-STi alloy decreased from 0.195 at. % to 0.002 at. % during this relatively short exposure even chough 
the lithium contained 0.07 at. % H. The H concentration in the V-3Ti-0.5Si alloy decreased from 0.308 at. % 
to 0.034 at. %. In the case of the V-3Ti-O.5Si alloy, a corrosion product film was clearly discernible on 
the specimen surfaces, and the H associated with this corrosion product accounted for 21% of the total 
evolved H (100-3OO'C). 
and the H evolved in the temperature range of 100-300°C accounted for (0.01% of the total evolved H. 

Discussion 

than 25°C. 
whereas the DBTT for the V-15Cr-STi alloy containing 0.17 at.% H has been reported to be 60'C.1*4 Likewise, 
it has been reported that the DBTT for a V-1OTi a110 

The H concentration in the 

For comparison, a corrosion product film was not observed on the V-15Cr-5Ti specimen 

The DBTT for the V-3Ti-0.5Si alloy containing 0 . 3 3  at. % H has been reported to be much lea 

ontaining 0.33 at. % H is substantially lower than 
the DBTT for a V-1OCr alloy containing 0.18 at. % H. 65 

The present experimental results show that V-3Ti-O.5Si allay specimens containing 0.31 at. 9: H 
introduced by surface finishing can have I 1  at. X H in the very-near-surface layer. Also, the present 
experimental results show that V-15Cr-5Ti alloy specimens containing 0.20 at. % H introduced by surface 
finishing can have 1.55 at. % H in the very-near-surface layer. 
been reported to be 2 . 4  at. %.4 
whereas chromium may decrease or not affect the solubility of H in vanadium.' 

The solubility of H i n  vanadium at 25'C has 
Titanium has been reported to increase the solubility of H in vanadium, 

Also, it has been reported 
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Table 3. Hydrogen concentration in V-15Cr-STi and V-3Ti-O.5Si 
alloys after immersion in lithium 

Integrated H 
PH VS. T Concentration 

Alloy Treatment (10-6 m.--C) (at. Z) 

V-15Cr-5Ti Annealed 8.51 0.011 
Li-filled capsule 2.60 0.004 
(NH3 dissolution) 

Li-filled capsule 6.85 0.009 
(alcohol dissolution) 

AR, surface finished 149.90 0.195 

AR, surface finished 
(25 h in Li) 

1.06 0.002 

V-3Ti-0.5Si AR, surface finished 239.38 0.308 

AR, surface finished 26.01 0.034 
(25  h in Li) 

that the diffusion coefficient for H in vanadium is decreased by the addition of TI solute whereas Cr solute 
has no effect on the H diffusion ~oefficient.~ 
hydrides and/or stress-induced hydride formation have a major role in the embrittlement of vanadium 
allays.l0 
Owen et al. have recently advanced the idea that hydrides have no major role in the embrittlement of V-Cr 
alloys and H embrittlement of these alloys ia due to H in solution.8 We have not completed the microstruc- 
tural observations on the alloy specimens considered in this study. The observations that have been made 
thus far by optical microscopy at 25'C show that the near-surface layers of the V-3Ti-O.SSi alloy specimens 
(DBTT of <<2YC) as well a6 the V-ISCr-5Ti alloy specimens (DBTT of 40-90'C) are replete with hydride 
precipitates. These preliminary observations by optical microscopy suggest that hydrogen in solution has 
the major role in the embrittlement of vanadium alloys whereas the hydrides in thermal equilibrium with 
hydrogen in solution have a lesser role. 

It has been postulated that the presence of existing 

However, on the basis of an extensive investigation of H embrittlement in V-Cr and V-Ti alloys, 

The H concentrations that were determined to be present in the V-I5Cr-5Ti and V-3TI-O.5Si alloys after 
either direct immersion in liquid lithium or containment in lithium-filled capsules show that, unless the 
lithium has H concentrations greatly in excess of 0.07 at. 9 ,  it is unlikely that H contributes to the 
irradiation hardening and embrittlement of vanadium-base alloys. 

An unexpected result from these studies was the observation of significant H evolution from the corro- 
sion product layer formed on the surface of the vanadium alloys exposed to liquid lithium. Also, these 
results show that the V-3Ti-0.5Si alloy has a twofold greater propensity for uptake of H than the V-15Cr-5Ti 
alloy. 

CONCLUSIONS 

1. Grinding, polishing, and machining of vanadium alloys with or without water or organic cooling- 
lubrication media can result in the introduction of significant concentrations of H into the 
near-surface layers. 

2. Hydrides are visible in the near-surface layers of surface-finished specimens of the V-3Ti-O.SSi and 
V-ISCr-STi alloys. 

3. If vanadium alloys are neutron irradiated in lithium-filled capsules and the H concentration in the 
lithium is not greatly in excess of 0.07 at. X ,  then H will not contribute to the hardening and 
embrittlement. 

4. The corrosion-product layer formed on the surface of vanadium alloys exposed to liquid lithium can 
retain significant amounts of H. 

5. The V-3Ti-O.SSi alloy has a twofold greater propensity for uptake of H than the V-15Cr-STi alloy. 
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TEMPERATURE . T  ?CI 
Fig. 8. H evolution from V-15Cr-5Ti alloy 

specimen after exposure to liquid lithium at 500'C 
far 25 h. 

TEMPERATURE , T  l'Cl 
F ig .  9. H evolution from V-3Ti-0.5Si alloy 

specimen after exposure to liquid lithium at 500°C 
for 25 h. 

FUTliRE WORK 

Additional work on the subject of this report is not contemplated at this time. 
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THE MICROSTRUCTURE OF SEVERAL VANADIUM ALLOYS AFTER I R R A D I A T I O N  I N  FFTF AT 420°C TO 82 dpa - D. N. Braski 
(Oak Ridge Nat ional  Laboratory)  

OBJECTfVE 

The goal of t h i s  research i s  t o  i n v e s t i g a t e  t he  e f f e c t s  o f  neutron i r r a d i a t i o n  and hel ium generat ion on 
t h e  m ic ros t ruc tu re  o f  vanadium a l l oys .  

SUMMARY 

The damage produced by neutron i r r a d i a t i o n  i n  t he  mic ros t ruc tu res  o f  t he  f o u r  vanadium a l l o y s  was 
q u a l i t a t i v e l y  t he  same. Except f o r  V-20Ti. no new p r e c i p i t a t e  phases were observed a f t e r  i r r a d i a t i o n .  
Fine, rod-shaped p a r t i c l e s  were found surrounding t he  p re- ex i s t i ng  t i t a n i u m  ca rbon i t r i des  i n  V-20Ti. The 
L15Cr-5Ti and Vanstar-7 a l l o y s  exh ib i t ed  very low swel l ing,  wh i l e  L3Ti-1Si  and V-20Ti d isplayed s l i g h t l y  
h igher  values (i.e., >0.1%). The s w e l l i n g  i n  V-3Ti-1Si increased w i t h  inc reas ing  hel ium content  because t he  
hel ium boosted c a v i t y  nuc lea t ion  w i t h  on ly  a s l i g h t  loss  i n  average c a v i t y  size. 

PROGRESS AND STATUS 

Experimental 

The source. chemistry, and f i n a l  heat t reatment  f o r  each vanadium a l l a y  a re  g iven i n  Table 1. 
M in ia tu re  t e n s i l e  specimens (SS-3) were machined from 0.76-mm-thick sheet o f  V - l S C r A T i  and Vanstar-?, and 
from 0.51-m-thick sheet o f  v 3 T i - 1 S i .  
a l l  four vanadium a l l o y s  and used f o r  t ransmiss ion  e l e c t r o n  microscopy (TEM). 

Disks, 3 mm i n  diameter, were punched from 0.25-mm-thick sheets o f  

Table 1. Vanadium a l l o y  data 

Composition, wt % 
F i n a l  Heat 

C r  T i  Fe Z r  S i  C 0 N Treatment A l l o y  Heat 

LlSCr-STia CAM-834-3 14.5 6.2 0.032 0.031 0.046 1 h a t  1200°C 
Vanstar-'la CAM-837-7 9.7 3.4 1.3 0.064 0.028 0.052 1 h a t  135OoC 
U T i - 1 S i  11153 3.4 0.04 1.28 0.045 0.091 0.026 1 h a t  1050'C 
W O T i  CAM-832 20.3 0.020 0.039 0.044 1 h a t  l l O O ° C  

aSource: Westinghouse E l e c t r i c  Corporation. bsource: KFK, Karlsruhe, West Germany (or. D. Ka le t t a ) .  

Selected d i sks  and t e n s i l e  specimens were doped w i t h  3He us ing  a mod i f ied  " t r i t i u m  t r i c k "  technique.' 

Several IC15Cr-5Ti and IC3Ti- lSi 
I n  t h i s  procedure, t h e  specimens were he ld  under a t r i t i u m  pressure o f  53 kPa (400 t o r r )  a t  400°C w h i l e  t he  
decay process took place. 
d i s k s  were i n j e c t e d  w i t h  3He a t  42OoC, us i ng  an acce le ra to r ,  i n  o rder  t o  compare t h e  r e s u l t a n t  hel ium bubble 
d i s t r i b u t i o n s  and subsequent s w e l l i n g  w i t h  those i n  t h e  3He-doped specimens. The '+He l e v e l s  were e i t h e r  10 
o r  100 appm. 

38.1-mm-long TZM subcapsules con ta in ing  7Li.  During t he  i r r a d i a t i o n  a t  e leva ted  temperatures. t he  l i t h i u m  
pro tec ted  t he  vanadium a l l o y s  from p i c k i n g  up i n t e r s t i t i a l  contaminants such as C, N. and 0. 
specimens were encapsulated and used as t he rma l l y  aged con t ro l  specimens. This encapsulat ion work was pro-  
vided by t he  Westinghouse Hanford Corp.Z The subcapsules were i r r a d i a t e d  i n  t he  FFTF, Ma te r i a l s  Open Test 
Assembly (MOTA) experiment a t  420, 520, and 600'C t o  a f luence of  approximately 1.4 x loz3 nlm2. which pro-  
duced a damage l e v e l  of about 82 dpa i n  t he  vanadium a l loys .  
600'C experienced temperature excurs ions above t h e  des i red  temperatures du r i ng  t h e  i r r a d i a t i o n .  Due t o  t he  
u n c e r t a i n t i e s  i n  i n t e r p r e t a t i o n  r e s u l t i n g  from these excursions, these  specimens were not  examined. 

us i ng  l i q u i d  ammonia. 
e t h y l  a lcohol  and water  (1:l. by volume), water, and e t h y l  a lcohol .  
po l i shed a t  -3O'C i n  a s o l u t i o n  of 12.5 vo l  % conc. H2S0,, i n  methanol. 
po l i shed f o i l s  by measuring and count ing  t h e  c a v i t i e s  observed i n  TEM micrographs w i t h  a Zeiss p a r t i c l e  s i z e  

The l e v e l s  o f  3He ranged from 23 t o  480 appm. 

Before i r r a d i a t i o n ,  t e n s i l e  specimens and d i s k s  Were sealed (by weld ing)  i n  9.5-mm-OD x 8.3-m-ID x 

Add i t iona l  

Unfor tunate ly ,  t he  subcapsules a t  520 and 

Fo l low ing  t h e  i r r a d i a t i o n ,  t he  subcapsules i r r a d i a t e d  a t  42OoC Were c u t  open and the  'Li was d isso lved  
The specimens were f u r t h e r  cleaned i n  successive baths c o n s i s t i n g  of: a m i x tu re  of 

I r r a d i a t e d  TEM d i s k s  were dual j e t -  
Cav i ty  s w e l l i n g  was determined f o r  t he  
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analyzer. 
was calculated as: 

F o i l  thickness was measured using stereo techniques. A f i n a l  value for  c a v i t y  swel l ing  ( A V I V o )  

AVV/Vo I A V I V f  - A v  , 
where AV i s  the  t o t a l  c a v i t y  volume, V o  i s  the  o r i g i n a l  metal volume. and Vf i s  the f i n a l  volume of the  
f o i l .  

Results 

1. Damage Structure 

such a s t ruc tu re  i s  shown i n  Fig. 1 f o r  the Vanstar-7 a f t e r  82 dpa. The damage s t ruc tu re  i s  a complicated 
mixture o f  small d i s loca t ion  loops and d i s loca t ion  segments. 
quan t i f y  e i t h e r  the  nature or  nunbers of the various defects. 
dens i ty  i s  high, which would be expected i n  l i g h t  o f  the substant ia l  y i e l d  strength increase observed for  

The damage structures o f  the  three a l l o y s  and a l so  U O T i  were genera l ly  s imi lar .  A t y p i c a l  example of 

Qua l i t a t i ve l y .  i t  can be seen tha t  the defect 
No attempt was made i n  t h i s  experiment t o  

t h a t  a l loy.  

ORNL-Photo 1414-88 

Fig. 1. Irradiation-produced defects i n  
Vanstar-7 a f t e r  82 dpa a t  42OoC. 
contained no preimplanted helium. 

The specimen 

2. Helium Bubbles 

Once an a l l o y  containing helium i s  i r rad ia ted,  
the primary locat ions where helium bubbles may be 
observed are the  g ra in  boundaries o r  pa r t i c le /ma t r i x  
interfaces. The bubbles i n  the  matr ix  absorb vacan- 
c ies  and become cav i t ies .  Micrographs of g ra in  
boundary bubbles i n  W 5 C r 4 T i .  a f t e r  helium doping 
and then a f t e r  i r r a d i a t i o n ,  are shown i n  Fig. 2. 
Af ter  the t r i t i u m  t r i c k  i s  performed, a network of 
approximately 5-nncdiam bubbles can be found on the 
g ra in  boundaries [Fig. 2(a)] and carbide p a r t i c l e  
surfaces. A f te r  neutron i r r a d i a t i o n  t o  82 dpa, the 
networks were somewhat more di f fuse [Fig. 2(b) l ,  but  
the  bubbles were s t i l l  about the same size. There- 
fore, i t  appears t h a t  the helium d i s t r i b u t i o n  i n  the 
g ra in  boundaries has not changed markedly dur ing the 
i r r a d i a t i o n  a t  420-C. 

3. Radi a t i  on-Induced Prec ip i ta t i on  

No obvious radiation- induced Prec ip i ta te  phases 
were observed i n  U-lSCr--STi, Vanstar-7, o r  W T i - 1 S i .  
Disk-shaped p rec ip i ta tes  have been observed by Loomis 
and Kestel3 i n  ion- i r rad ia ted L l S C r - 5 T i  from 550 t o  
75OoC, but the  p r e c i p i t a t e  s i ze  decreased w i th  tem- 
perature and the  p a r t i c l e s  were only 2 nm i n  diameter 
a t  550°C. Therefore, i f  the same phase i s  forming i n  
t h a t  a l l o y  under neutron i r rad ia t i on ,  i t  may be too 
small t o  resolve by TEM, espec ia l ly  w i t h  the e x i s t i n g  
damage s t ruc tu re  i n  the  background. A fine, rod- 
shaped p r e c i p i t a t e  phase, tha t  tended t o  concentrate 
around e x i s t i n g  ti t a n i  um carboni t r i  de p a r t i c l e s  ,4 was 
observed i n  the  matrices o f  W O T i .  However. exa- 

minat ion of the thermal ly aged cont ro l  specimens i s  needed t o  determine i f  the phase i s  thermally- or 
rad ia t i on- i  nduced. 

4. Swel l ing  

Cav i t ies  formed i n  the  g ra in  matrices o f  a number o f  vanadium a l l o y s  and caused swelling. The resu l t s  

Even w i th  300 appm 3He ( t r i t i u m  t r i c k ) ,  or  10 and 
o f  the swel l ing  measurements are presented i n  Table 2. 
exh ib i ted zero swel l ing  a f t e r  the i r r a d i a t i o n  t o  82 dpa. 
100 appm \He (accelerator- injected).  swel l ing  was less  than 0.01%. 
sidered a very low-swell ing a l loy .  The Vanstar-7 a l l o y  was a lso very low swell ing, both w i th  and without 
implanted helium. By canparison, both the V-3Ti-lSi and W 0 T i  displayed swel l ing  values >0.1%. but were 
s t i l l  qu i te  low compared t o  many aus ten i t i c  s ta in less  steel^.^ 

Without any implanted helium, the L l 5 C r - 5 T i  

Therefore, V-15Cr4Ti  should be con- 
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ORNL-Photo 1415-88 

Fig. 2. Grain boundary helium bubbles i n  V-15Cr-5Ti (300 appm l e v e l ) :  (a)  Before i r rad ia t i on .  and 
(b) a f t e r  i r r a d i a t i o n  t o  82 dpa i n  FFTF. 

Table 2. Cavity swel l ing  o f  vanadium a l l oys  
i r r a d i a t e d  i n  FFTF t o  E2 dpa a t  420°C 

Level, appm Swell ing 
(%) 

Specimen 3He ‘+He AV 
No. y-v A1 1 oy 

L 1 5 C r 4 T i  RA49 0 0 
L 1 5 C r 4 T i  RA31 300 (0.01 
V-15Cr-5Ti A 1  10 (0.01 
L15Cr-5Ti  A7 100 tO.O1 

Vanstar-7 QA99 0 (0.01 
Vanstar-7 QA70 150 10.01 

W T i - l S i  H4 100 0.332 
W T i - 1 S i  EO 0 0.257 
L3Ti-1Si 61 23 0.568 ~~ ~. 
V-3Ti-€Si 46 135 
V-3Ti-lSi 24 480 

... ~ 

0.768 
1.130 

W O T i  WAOO 0 0.955 

The swel l ing  i n  W T i - 1 S i  was observed t o  increase 
w i th  helium content. as l i s t e d  i n  Table 2 and shown i n  the 
micrographs i n  Fig. 3. The micrographs were taken of spec- 
imens having 0, 23, 135. and 480 appm of implanted %. 
It i s  c lea r  t h a t  swel l ing  increased wi th  increasing helium 
level .  The actual  swel l ing  values f o r  these same four 
specimens are p l o t t e d  as a funct ion of helium leve l  i n  
Fig. 4(a). A t  f i r s t ,  swel l ing  increases rap id ly ,  but  then 
tends t o  saturate as the helium leve l  increases t o  480 appm. 
Note a lso t h a t  a specimenjmplanted w i t h  ‘+He has less  
swel l ing  than would be expected f o r  one w l th  a s i m i l a r  
l eve l  o f  3He implanted using the t r i t i u m  t r i c k .  However. 
since the  value for  t h i s  one specimen i s  w i t h i n  the  
expected sca t te r  and the accelerator- injected helium leve ls  
were not confirmed by analysis, one hes i ta tes  t o  m k e  any 
d i s t i n c t i o n  between swel l ing  i n  3He- and ‘+He-lmplanted 
specimens. 
dens i t ies  are shown as a funct ion o f  helium leve l  fo r  the 
same V-3Ti-lSi specimens i n  Fig. 4(b). 
480 appm %e, the average c a v i t y  diameter for  the four 
specimens drops frm only  about 16.5 t o  12 nm. but the 
number densi ty of c a v i t i e s  Increases an order of magnitude. 
Therefore, increasing the helium leve l  appears t o  increase 
the nucleat ion of c a v i t i e s  i n  t h i s  a l l o y  whi le  s l i g h t l y  
decreasing t h e i r  average size. 

The average c a v i t y  diameters and c a v i t y  number 

I n  going from 0 t o  

L e t  us now compare the i r r a d i a t e d  microstructures i n  vanadium a l l o y  specimens tha t  have the helium 
implanted by two d i f fe rent  techniques (Fig. 5). A specimen o f  L3Ti-1Si doped w i t h  135.appm 3He a t  400-C 
[Fig. 5 ( a ) l  i s  contrasted w i th  one in jec ted  w i th  100 appm 4He a t  420°C [Fig. 5(b)]. Both specimens have a 
higher concentration of c a v i t i e s  near t h e i r  respective gra in  boundarles, but  the 3He-doped specimen has 
subs tan t ia l l y  m r e  c a v i t i e s  throughout the microstructure and, consequently, h igher swell ing. 
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ORNL-Photo 1416-88 

Fig. 3. Matr ix cavi t ies  i n  WTi-1Si  with (a) 0. (b) 23. (c) 135, and (d) 480 appm of preimplanted 
3He. a f ter  i r r a d i a t i o n  i n  FFTF a t  420'C t o  82 dpa. 

AVERAGE DIAMETER- - 

HELIUM LEVEL (appm) 

Fig. 4. (a)  Cavity swelllng, and (b) average 
cav l ty  diameter and cavity number density, i n  
V-3Ti-IS1 i r rad ia ted  t o  82 dpa i n  FFTF, as a func- 
t i o n  of the preimplanted helium level .  
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P 

ORNL-Photo 1417-88 

Fig. 5. Microstructure of k3T i - lS i  w i th  (a) 135 appm 3He, and (b) 100 appm accelerator- injected 'We. 
a f t e r  i r r a d i a t i o n  i n  FFTF a t  420°C t o  82 dpa. 
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6.4 Copper Alloys 

ANALYSIS OF COPPER AN0 COPPER ALLOYS AFTER LOW-LEVEL TRITIUM CHARGING - S. J. Z ink le  (Oak Ridge Nat ional  
Laboratory)  

OBJECTIVE 

The o b j e c t i v e  of t h i s  study i s  t o  determine t h e  i n f l uence  o f  very low l e v e l s  of hel ium on t he  mechan- 
i c a l  p rope r t i es  and m ic ros t ruc tu re  of copper and two copper a l l oys .  

SUMMARY 

Copper and t he  copper a l l o y s  Cu-Zr and Cu-Cr-Zr-Mg were implanted w i t h  -50 appb He us ing  t h e  t r i t i u m  
t r i c k .  The measured hel ium concent ra t ion  was an order-of-magnitude h igher  than t h a t  expected from calcu-  
l a t i o n s  based on t h e  es tab l i shed s o l u b i l i t y  o f  t r i t i u m  i n  copper. 
hydrogen showed t h a t  50 appb He does not  have an apprec iab le  e f f e c t  on t he  t e n s i l e  p rope r t i es  of any of 
t h e  t es ted  mater ia ls .  

A comparison w i t h  specimens annealed i n  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

The e f f e c t s  of hel ium on t h e  mechanical p rope r t i es  o f  copper a re  no t  we l l  establ ished.  Vela and 
Russe l l '  found t h a t  500 appm He had l i t t l e  e f f e c t  unless t he  copper con ta i n i ng  t he  hel ium was annealed 
above 800°C. 
f o r  hel ium concent ra t ions  o f  -300 appm, and no observable e f f e c t s  f o r  2.5 appm He. On t h e  o the r  hand, 
Goods3 has r e c e n t l y  observed a dramatic decrease i n  t h e  room temperature d u c t i l i t y  o f  copper t h a t  con- 
t a i n e d  2 appm He f o l l o w i n g  long- term anneal ing a t  2 O O O C .  
e longa t i on  i n  copper decreased from 45 t o  10% f o l l o w i n g  a 0.1 dpa neutron i r r a d i a t i o n  a t  100'C t h a t  gener- 
ated 5 appm He. 
he l ium ( ~ 0 . 1  appm) have any s i g n i f i c a n t  e f f ec t  on t he  mechanical p rope r t i es  of copper. 

Carpenter and Nicholson2 observed subs tan t i a l  embr i t t lement  a t  t e s t  temperatures above 400°C 

El-Shanshoury e t  found t h a t  t h e  t o t a l  

One of t he  goals o f  t he  present  i n v e s t i g a t i o n  i s  t o  determine whether very low l e v e l s  of 

Experimental procedures 

The ma te r i a l s  f o r  t h i s  i n v e s t i g a t i o n  cons is ted  of 250-wn f o i l s  o f  copper and two comnercial copper 
a l l oys ,  AMZlRC and AMAX-MZC. AMZlRC con ta ins  0.15% Z r  w h i l e  MZC con ta ins  0.04% Mg, 0.15% Zr, and 0.8% Cr.  
The a1 l o y s  were t es ted  i n  both t he  cold-worked-and-aged (CWA) c o n d i t i o n  and t he  solution-annealed-and-aged 
(SAA) condi t ion.  D e t a i l s  o f  t h e  heat t reatment  and phys ica l  p rope r t i es  o f  these a l l o y s  have been repor ted  
elsewhere.5 A chemical ana l ys i s  o f  t he  copper used i n  t h i s  study by Combustion Engineering d i d  not  de tec t  
any m e t a l l i c  i m p u r i t i e s  w i t h  concent ra t ions  >10 ppm. However, t he  copper d i d  con ta i n  21 ppm (85 appm) of 
oxygen, so i t  cannot be c l a s s i f i e d  as "oxygen-free.'' The chemical ana lys is  a lso  detected 3 ppm N, 11 ppm 
S ,  and 36 ppm C. The copper f o i l  was c o l d  r o l l e d  t o  produce a 50% reduc t i on  i n  th ickness  ( f rom 600 t o  
300 pm) and then  r e c r y s t a l l i z e d  by anneal ing i n  he l ium f o r  10 min a t  450'C. 

TEM d i s k s  and t e n s i l e  specimens (55-2 geometry6) were punched from the  f o i l s ,  wrapped i n  tan ta lum 
f o i l ,  and p laced i n  t h e  Oak Ridge high-pressure t r i t i u m  f a ~ i l i t y . ~  
f o r  24 h under vacuum, and then they  were annealed a t  40OoC i n  t r i t i u m  a t  53 kPa (400 t o r r )  f o r  792 h. 
The specimens were outgassed f o l l o w i n g  t h e  charging by anneal ing f o r  43 h a t  700'C i n  vacuum. 
measured sur face  a c t i v i t y  of t he  f o i l s  remained very h igh  a f t e r  convent ional  sur face c lean ing  techniques 
were performed, i n d i c a t i n g  t h a t  a s i g n i f i c a n t  amount o f  t r i t i u m  was s t i l l  t rapped near t he  specimen sur-  
face. 
l eve l s .  
o rder  t o  separate he l ium e f f e c t s  from hydrogen ef fects.  
anneal ing t reatment  before o r  a f t e r  charging. 

The samples were baked ou t  a t  700°C 

The 

A l i g h t  p o l i s h  w i t h  600- g r i t  sandpaper was successfu l  i n  l owe r i ng  t he  sur face a c t i v i t y  t o  safe 
Add i t i ona l  f o i l s  o f  t he  copper and copper a l l o y s  were annealed i n  hydrogen a t  4 0 0 T  f o r  792 h i n  

These con t ro l  specimens were not  g iven t h e  700'C 

The 3He concent ra t ion  i n  t he  t r i t i um- charged specimens was measured by O r .  B r i an  O l i v e r  of Rockwell 
I n t e r n a t i o n a l  us ing  a vacuum fus ion technique. 
temperature us i ng  a crosshead speed o f  0.5 mnlmin ( s t r a i n  r a t e  -7 x 10-4/s). 
t e s t e d  i n  vacuum a t  400'C. 
4 o o c .  

Dup l i ca te  t e n s i l e  specimens were t es ted  i n  a i r  a t  room 
Tens i l e  specimens were alS0 

TEM specimens were j e t  e l ec t ropo l i shed  i n  a s o l u t i o n  of 33% "03167% CH30H a t  



174 

Resul ts  - 
The t r i t i u m  t r i c k  produces low l e v e l s  of hel ium i n  copper a l l o y s  due t o  t he  low s o l u b i l i t y  o f  hydro- 

gen i n  copper. 
i s  -0.8 appm according t o  t he  data reviewed i n  refs. 8 and 9. 
f o r  t he  so lu te  elements t h a t  are present  i n  the  copper a l l o y s  o f  t h i s  study. However, the  low so lu te  con- 
c e n t r a t i o n  i n  t h e  a l l o y s  o f fse ts  t he  h igher  s o l u b i l i t y ,  so t h a t  t he  net  e f f e c t  i s  small. For example, the  
a d d i t i o n  o f  0.8% C r  t o  copper i n  t he  form of chromium p r e c i p i t a t e s  (aged MZC a l l o y )  should inc rease the  
hydrogen s o l u b i l i t y  from 0.8 t o  0.9 appm. The measured 3He concent ra t ions  f o r  t he  t r i t i um- doped specimens 
are  g iven i n  Table 1. 
c e n t r a t i o n  than t he  pure copper specimen. An even more s i g n i f i c a n t  r e s u l t  i s  t he  magnitude of t he  hel ium 
concentrat ions.  The exvected hel ium l e v e l  i n  comer .  ca l cu la ted  from the  s o l u b i l i t v  data and t he  t r i t i u m  

The s o l u b i l i t y  of t r i t i u m  i n  copper a t  a pressure of 400 t o r r  and a temperature o f  400°C 
The s o l u b i l i t y  o f  hydrogen i s  much h igher  

It can be seen t h a t  t he  a l l o y s  ( p a r t i c u l a r l y  MZC) con ta i n  a h igher  hel ium con- 

charging t ime  o f  792 h , ' i s  only 4 atomic pa r t s  pe; b i l l i o n  (appb). 
of-magnitude h igher  than t h e  ca l cu la ted  number. 

The measured vaiue i s  about an order-  

Table 1. Measured hel ium concent ra t ions  (appb) i n  The room-temperature t e n s i l e  proper-  
t r i t i um- doped copper and copper a l l o y s  t i e s  o f  the  copper and copper a l l o y s  a f t e r  

t h e  t r i t i u m  and hydrogen charging a re  g iven 

p rope r t i es  measured a t  400'C are g iven i n  
Table 3. There was no s t r ong  e f f e c t  of 

33.0 f 0.8 48.2 f 1.5 48.0 ? 0.2 94.6 ? 1.3 73.1 ? 0.1 t he  t r i t i u m  doping on t he  t e n s i l e  proper-  
t i e s .  
inc rease i n  y i e l d  s t r eng th  and a s l i g h t  
decrease i n  e longat ion.  

A M Z l R C  A M Z l R C  MZC MZC i n  Table 2. The corresponding t e n s i l e  
(SAA) (CWA) (SAA) (CWA) 

Copper 

The pure copper showed a s l i g h t  

The t e n s i l e  prop- 
The t r i t -  e r t i e s  o f  t he  a l l o y s  were in f luenced m r e  by thermal anneal ing e f f e c t s  than by hel ium ef fects.  

ium specimens were s o f t e r  and more d u c t i l e  than  t he  hydrogen c o n t r o l  specimens due t o  t h e  a d d i t i o n a l  
anneal ing a t  700'C t h a t  they  experienced. The anneal ing caused p r e c i p i t a t e  overaging and r e c r y s t a l l i z a -  
t i o n .  
f ac t  of t he  t h i n  t e n s i l e  specimen geometry. 

d e n s i t y  o f  c a v i t i e s  (<10'7/m3). 
specimens and may be due t o  water vapor associated w i t h  t he  excess oxygen i n  t he  copper matr ix .  
was no s i g n i f i c a n t  amount of observable c a v i t a t i o n  i n  t h e  copper a l loys .  
specimens d i d  not  r e c r y s t a l l i z e  dur ing  t he  hydrogen anneal treatment. 

The measured d u c t i l i t y  was genera l l y  lower a t  400°C than a t  room temperature. This may be an a r t i -  

The m ic ros t ruc tu re  o f  t he  pure copper specimens cons is ted  o f  l a r g e  gra ins  t h a t  contained a very low 
These c a v i t i e s  were present  i n  both t he  t r i t i u m -  and hydrogen-charged 

There 
The cold-worked-and-aged MZC 

Table 2. Room-temperature t e n s i l e  p rope r t i es  o f  copper and copper Discussion 
a l l o y s  a f t e r  charging a t  400OC w i t h  t r i t i u m  o r  hydrogen 

A M Z l R C  A M Z l R C  MZC MZC The hel ium concent ra t ions  meas- 
(SAA)  (CWA) (SAA) (CWA) ured i n  copper and t he  copper a l l o y  

Y ie l d  TZ 80 60 90 80 90 copper a t  400°C i s  much h igher  than 

U l t ima te  TZ 200 230 270 310 290 poss ib l e  explanat ions fo r  t h i s  

Elongation, X gen i n  copper and n i cke l  can be 

Copper 

f o l l ow ing  t r i t i u m  charging suggest 
Strength, MPa t h a t  the  t r i t i u m  s o l u b i l i t y  i n  

40 150 130 240 390 expected from s o l u b i l i t y  data i n  
t h e  l i t e r a t u r e .  There a re  several  

observat ion.  F i r s t ,  t he re  i s  e v i -  
dence t h a t  t he  s o l u b i l i t y  of hydro- 

H2 

H Z  250 280 340 410 480 

Uniform TZ 23 26 30 25 28 increased by a f a c t o r  o f  2 o r  more 
HZ 30 15 25 16 11 fo r  p o l y c r y s t a l l i n e  o r  cold-worked 

To ta l  T Z  28 29 37 31 34 crystals.lO*ll Second, t he re  i s  

contaminated sur face  l aye rs  w i l l  
produce enhanced hydrogen s o l u b i l -  
i t i e s  a t  low temperatures." The 

observat ions i n  t h e  present  study tend t o  support t h i s  conc lus ion  - a l a r g e  enhancement i n  t he  t r i t i u m  
concent ra t ion  was found near t he  specimen surface as determined from surface a c t i v i t y  measurements. 
Thi rd,  i t  has been es tab l i shed t h a t  Arrhenius p l o t s  o f  hydrogen s o l u b i l i t y  versus rec i p roca l  temperature 
f o r  n i cke l  e x h i b i t  curva tu re  due t o  t he  temperature dependence of the  re l evan t  thermodynamic functions.12 
Th is  leads t o  a l a r g e  (one order-of-magnitude) enhancement i n  t he  hydrogen s o l u b i l i t y  a t  low temperatures 
compared w i t h  values obta ined by e x t r a p o l a t i o n  from h igh  temperatures. However, t he  s o l u b i l i t y  of hydro- 
gen i n  copper has been measured a t  temperatures of 400°C and below.'J,9,'3 There i s  no evidence i n  t he  
l i t e r a t u r e  f o r  an enhanced s o l u b i l i t y  of hydrogen i n  copper a t  low temperatures. 
have found t h a t  t h e  amount o f  absorbed t r i t i u m  i n  copper co r re l a tes  w i t h  the  oxygen content  i n  t he  metal.  
The i r  r e s u l t s  suggest t h a t  an oxygen content  of 20 w t  ppm can lead  t o  an order-of-magnitude inc rease i n  
t he  amount of absorbed t r i t i u m  compared t o  oxygen-free copper. This would e x p l a i n  t he  anomalous r e s u l t s  

specimens as compared t o  s i n g l e  

33 17 29 19 14 s t rong  evidence t h a t  oxygen- HZ 

F i n a l l y ,  Caskey e t  al.13 
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f o r  copper. 
copper a l l o y s  s ince  they were fabr ica ted  us ing  oxygen-free (<3 ppm) copper. 
Nat ional  Laboratory (L ivermore)  have recen t l y  observed anomalously h i gh  hel ium concent ra t ions  i n  pure 

Table 3. Elevated- temperature (400'C) t e n s i l e  p rope r t i es  o f  copper 
and copper a l l o y s  a f t e r  charging a t  400°C with t r i t i u m  o r  hydrogen 

A d i f f e r e n t  mechanism would have t o  be invoked t o  e x p l a i n  t he  h igh  hel ium l e v e l s  i n  t h e  
Researchers from Sandia 

copper specimens t h a t  were charged 
with tritium, in agreement with the 
findings of the present study.l9 
summary. we a re  not  aware of any 
model i n  t he  l i t e r a t u r e  t h a t  s a t i s -  
f a c t o r i l y  exp la ins  t he  h igh  he l ium 
l e v e l s  observed i n  bo th  t he  t r i t i u m -  
charged copper and copper a l loys .  

CONCLUSIONS 

I n  
AMZlRC AMZlRC MZC MZC 
(SAA) (CWA) (SAA) (CWA) 

70 64 74 90 90 
66 90 100 170 180 

210 290 290 

Copper 

Strength, MPa 
Y i e l d  TZ 

H2 

U l t ima te  TZ 120 150 200 200 200 
H? 150 190 - 

The t r i t i u m  t r i c k  has been 
app l i ed  t o  copper and two commercial 

19 20 35 18 27 copper a l l o y s  i n  o rder  t o  study 

T r i t i u m  charging a t  400°C r e s u l t e d  
21 24 39 26 31 i n  an order-of-magnitude h igher  con- 
26 12 29 13 15 c e n t r a t i o n  o f  hel ium than t h a t  

exoected from hvdroaen iso tooe solu-  

Elongation, % 

9 24 11 11 hel ium e f f e c t s  a t  low concentrat ions.  
Uni form T2 

H2 22 

To ta l  TZ  
H2 

b i i i t y - d a t a .  Tie  cause of t h i s  
s o l u b i l i t y  enhancement i s  unknown, a l though i t  may be r e l a t e d  t o  (sur face)  o x i d e - t r i t i u m  i n te rac t i ons .  

measured a t  22 o r  400'C. 
Hel ium concent ra t ions  i n  copper o f  -50 appb have no s i g n i f i c a n t  e f f e c t  on t he  t e n s i l e  p rope r t i es  
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6.5 Environmental E f f e c t s  on S t r u c t u r a l  A l l o y s  

CORROSION I N  LIQUID METAL ENVIRONMENTS: 
LOOP AND MECHANISMS OF IRREGULAR ATTACK BY LITHIUM AND LEAD-LITHIUM - P. F. T o r t o r e l l i  (Oak Ridqe Nat iona l  

SUSCEPTIBILITY OF Fe3Al EXPOSED I N  A LITHIUM THERMAL CONVECTION 

Laboratory)  

OBJECTIVE 

The purpose o f  t h i s  work i s  t o  cha rac te r i ze  t he  cor ros ion  of candidate or model fus ion ma te r i a l s  by 
s low ly  f low ing  l i t h i u m  and Pb-17 at .  % L i  i n  t he  presence o f  a temperature g rad ien t .  
s i t i o n  ra tes  a re  measured as a f unc t i on  o f  a l l o y  composit ion, exposure t ime, temperature, and add i t i ons  t o  
t h e  l i q u i d  metals. These measurements are combined w i th  m ic ros t ruc tu ra l  analyses o f  t he  specimen surfaces 
t o  e s t a b l i s h  mechanisms and r a t e - c o n t r o l l i n g  processes f o r  t he  cor ros ion  and mass t r a n s f e r  reac t ions ,  de te r-  
mine t he  s u i t a b i l i t y  of p a r t i c u l a r  ma te r i a l s  f o r  se rv i ce  i n  s p e c i f i c  l i q u i d  metal environments, and prov ide  
i n p u t  i n t o  fus ion ma te r i a l s  development. 

D i s s o l u t i o n  and depo- 

SUMMARY 

Despi te i t s  a t t r ac t i veness  as a low a c t i v a t i o n  ma te r i a l ,  Fe,Al was found t o  have r e l a t i v e l y  poor cor ro-  
s i o n  res is tance  i n  mol ten l i t h i u m  a t  500°C. The cor ros ion  o f  another ordered m e t a l l i c  a l l o y ,  Fe-Ni-V, by 
l i t h i u m  a t  600°C was found t o  be a two-stage process i n v o l v i n g  p r e f e r e n t i a l  dep le t i on  o f  n i c k e l  and 
n i t r i d i n g  andfor c a r b u r i z i n g  of vanadium. Resu l ts  from p e r c o l a t i o n  theory showed t h a t  a r e a c t i v e  path model 
cou ld  no t  exp la i n  t he  I r r e g u l a r  a t tack  induced by p r e f e r e n t i a l  dep le t i on  i n  a l e a d - l i t h i u m  environment; a 
model based on surface d e s t a b i l i z a t i o n  appeared t o  be m r e  appropr iate.  

PROGRESS AND STATUS 

I r o n  a luminides 

The recent  development of i r o n  aluminides’ of fers an a t t r a c t i v e  combination of high- temperature 
s t r eng th  and low- res idua l  a c t i v a t i o n  f o r  fus ion app l i ca t ions .  However, i n f o rma t i on  about the  res is tance  o f  
such ma te r i a l s  t o  r a d i a t i o n  damage and co r ros i on  i s  necessary before eva lua t ion  of i t s  p o t e n t i a l  as a fus ion 
ma te r i a l  can be made. 

workz has shown t h a t  exposure of s t a i n l e s s  s t e e l  t o  l i t h i u m  con ta i n i ng  aluminum leads t o  t he  development o f  
a s tab le  aluminum-containing surface on t h e  s tee l  t h a t  e f f e c t i v e l y  i n h i b i t s  corros ion,  We have now exposed 
Fe3AI t o  thermal ly  convect ive l i t h i u m  over an extended exposure p e r i o d  t o  q u a l i t a t i v e l y  assess i t s  co r ros i on  
res is tance.  F igure  1 shows weight  l oss  data as a func t ion  of t ime f o r  Fe-ZBAl -Kr  (at. 9) exposed a t  500°C 
i n  a l i t h i u m  thermal convect ion loop  (cons t ruc ted  of t ype  316 s t a i n l e s s  s t e e l ) .  The measured weight  losses 
and steady s t a t e  r a t e  (3.4 mglm2.h) a re  not  p a r t i c u l a r l y  low f o r  a 500Y  exposure t o  nonisothermal l i t h i u m ;  
they  a re  g rea ter  than what i s  expected f o r  t ype  316 s t a i n l e s s  s tee l  a t  t h i s  temperatures and are  about t he  
same as measured f o r  Fe-12CrlMoVW s tee l  a t  600OC.4 Examination of t he  surface exposed a t  500°C fo r  5691 h 
revealed surface roughening and some p o r o s i t y  (Fig. 2). 
showed s i g n i f i c a n t  dep le t i on  of aluminum: t he  average aluminum surface concent ra t ion  was on ly  15 a t .  X. 
The p r e f e r e n t i a l  d i s s o l u t i o n  of t h i s  element r u s t  have con t r i bu ted  g r e a t l y  t o  t h e  t o t a l  measured weight 
loss.  Th is  d i s s o l u t i o n  i s  d r i v e n  n o t  only by t h e  r e l a t i v e l y  h igh  s o l u b i l i t y  of aluminum i n  l i t h i u m ,  but  
a l s o  by d i s s i m i l a r  metal mass t r a n s f e r  between t he  small amount of FesAl and t he  loop w a l l  mater ia l .  I n  
view of t h i s ,  t he  amount of aluminum l o s s  was probably g rea ter  than  what would be measured i n  FejAl 
l i t h i u m  systems. 

Eva1 u a t  i on o f  pene t ra t i on  models 

While pure i r o n  i s  not  severely  corroded by l i t h i u m ,  aluminum r e a d i l y  d issolves.  However, p rev ious  

Energy d i spe rs i ve  X-ray ana lys is  o f  t h i s  sur face  

I t  has been shown p rev ious l y  t h a t  molten l e a d - l i t h i u m  i s  q u i t e  aggressive towards f e r rous  a l l oys ,  par-  
t i c u l a r l y  i n  t he  presence of a thermal gradient.5-7 
causes deep i r r e g u l a r  a t t ack  as a r e s u l t  o f  pene t ra t i on  by t he  l i q u i d  metal, which appeared t o  be r e l a t e d  t o  
t h e  s e l e c t i v e  d i s s o l u t i o n  of one or more elements.5 
suggested t h a t  t h e  observed morphological changes could be expla ined by surface d e s t a b i l i z a t i o n  (extreme 
surface roughening) induced by t h i s  p r e f e r e n t i a l  d i s s o l u t i o n  ( p r i n c i p a l l y  o f  n icke l ) .s  However, recent ly ,  a 
p e r c o l a t i o n  model has been success fu l l y  app l i ed  t o  t he  case o f  s e l e c t i v e  d i s s o l u t i o n  i n  aqueous 
environments3 and i t  i s  a l s o  appropr ia te  t o  consider  t h i s  type  of approach t o  t he  co r ros i ve  a t t ack  of 
t ype  316 s t a i n l e s s  s t e e l  by l ead- l i t h i um.  A s imple a l t e r n a t i v e  model based on such would be l o c a l i z e d  
pene t ra t i on  a long h i g h l y  r e a c t i v e  paths, if they e x i s t  i n  t he  l a t t i c e .  
a s i g n i f i c a n t  number of such paths i s  a d i r e c t  func t ion  of t he  concent ra t ion  o f  t h e  r e a c t i v e  element and can 

With a u s t e n i t i c  s t ee l s ,  exposure t o  Pb-17 at. $ L i  

Based on a model o f  Har r i son  and Wagner.8 i t  was 

The p r o b a b i l i t y  o f  t he  ex is tence  of 
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Fig. 1. Weight loss versus t ime for ordered Fig. 2. Scanning e lec t ron micrograph of ordered 
Fe-28Al-Kr (at. X )  exposed t o  thermal ly convective 
l i t h i u m  a t  5 0 0 O C .  l i t h i u m  a t  500°C f o r  5691 h. 

Fe-28A1-Kr (at. X )  exposed t o  thermally convective 

be derived using the formalism o f  perco la t ion theory.lu For i n f i n i t e  connected paths, the concentration a t  
which se lec t i ve  d i sso lu t i on  can occur i s  d i r e c t l y  re la ted t o  the perco la t ion threshold, which i s  s l i g h t l y  
l ess  than 20 at. X f o r  the f cc  l a t t i c e .  If, f o r  the sake o f  s imp l i c i t y ,  we assume that ,  based on s o l u b i l i -  
t i e s  i n  the lead- l i th ium, the s t a r t i n g  mater ia l  i s  composed of a very react ive  component (N i )  and a ra ther  
i n e r t  one (Fe-Cr), extended penetrations would be expected f o r  a minimum concentration o f  about 20 at. X N i  
due t o  the existence of connected n icke l  atoms. which are qu ick ly  dissolved and transported i n t o  the l i qu id .  
Penetrat ive at tack i s  ac tua l l y  observed a t  n icke l  concentrations nuch less than t h i s  l i m i t  (approximately 
11 at. X ) .  Indeed. a simple one-dimensional ca lcu la t ion shows that,  a t  t h i s  concentration, the p r o b a b i l i t y  
of f ind ing a penetrat ion depth on the order of even j u s t  a few microns was zero. Therefore, it i s  apparent 
that ,  wh i le  there are experimental ind icat ions tha t  the at tack i s  re la ted t o  the  se lec t i ve  d i sso lu t i on  o f  
n icke l ,  there i s  not a su f f i c ien t  n icke l  concentration t o  geometrically explain the  corrosion-induced 
morphology. I n  view o f  t h i s  f i n d i n g  and other observations ( f o r  example, the e f f e c t  o f  co ld  work), l l  the 
surface des tab i l i za t i on  model seems t o  be the most appropriate explanation f o r  the observed at tack o f  
Fe-Ni-Cr a l l oys  exposed t o  molten lead- lithium. 

Austen i t ic  s ta in less s tee l  a lso corrodes nonuniformly when exposed t o  thermal ly convective l i th ium,  
a l b e i t  the r e s u l t i n g  corrosion zone i s  somewhat d i f f e ren t  i n  morphology than what i s  observed f o r  lead- 
l i th ium.  
were not consistent w i t h  the surface des tab i l i za t i on  model. This does not necessar i ly  mean tha t  surface 
des tab i l i za t i on  i s  not the  cause of the observed corrosion morphology; i n  l i th ium,  other react ions besides 
the  d i sso lu t i on  of n i cke l  and other elements (for example, formation o f  chromium-containing products) can 
s t rong ly  in f luence the overa l l  corrosion process4~12 and can thus complicate an ana ly t i ca l  evaluat ion o f  the 
penetrat ion k inet ics .  

Other examples of i r r e g u l a r  corrosion i n  a l i q u i d  metal environment were found when Fe-Co-V and Fe-Ni-V 
ordered a l l oys  were exposed i n  l i t h i u m  thermal convection loops.13 When o r i g i n a l l y  reported, it was thought 
t h a t  redeposit ion o f  dissolved species played an important r o l e  i n  the formation of  the observed "porous" 
layers. 
shown that.  i n  the case of the Fe-Ni-V al loy,  cor ros ive at tack could best be described by a two-stage pro- 
cess invo lv ing  surface des tab i l i za t i on  and subsequent corrosion ( n i t r i d i n g  andlor carbur iz ing)  o f  the vana- 
dium. As described previously, l3 a f t e r  extended exposure t o  molten l i t h i u m  a t  6OO0C, the Fe-Ni-V a l l o y  was 
severely corroded (see Fig. 3). Two d i s t i n c t  corrosion zones can be observed: a very porous or  open outer 
l a y e r  and a m r e  compact, but s t i l l  somewhat porous, inner  zone next t o  the  unaffected matrix. Analysis o f  
the two zones by energy dispersive X-ray analysis showed t h a t  the outer one i s  p r i m a r i l y  composed of i ron,  
whi le  the inner  layer  contains i r o n  and vanadium (see Table 1). 
layers, wh i le  the  composition of the matr ix  matched t h a t  o f  t he  s t a r t i n g  mater ia l  (Fe-32Ni-22V-0.4Ti, w t  X). 
The iron/vanadium r a t i o  of the inner  l aye r  was the same as t h a t  i n  the under ly ing matr ix:  i t  corresponds t o  
what i s  ca lcu la ted from the deplet ion i n  n icke l  t o  1 wt X. It therefore appears t h a t  the inner  zone forms 
s t r i c t l y  by pre ferent ia l  d i sso lu t i on  of n ickel .  The r e s u l t i n g  porous laye r  i s  thus re la ted t o  t h i s  selec- 
t i v e  deplet ion and could wel l  be due t o  surface destab i l i za t ion,  as discussed above. A t  the s t a r t  of the 
exposure, the s t ruc tu re  of the Fe-Ni-V was tha t  of gamma prime (ordered fcc).  
resu l ted i n  a composition o f  the inner  l aye r  (Table 1) t h a t  i s  w i t h i n  the two-phase alpha-Fe + sigma (FeV) 
f i e l d  of the Fe-V system.17 These two phases can be seen i n  the  inner  layer  of the polished cross sections 
shown i n  Fig. 3. The FeV phase can provide su f f i c ien t  vanadium t o  react w i th  ni t rogen and/or carbon i n  
l i t h i u m  t o  form n i t r i d e s  or  carbides. These somewhat b r i t t l e  products can then be removed by f low t u r -  
bulence or  dur ing the sample removal and cleaning process.15 The removal of the vanadium product would 
exp la in  the almost pure i r o n  layer  observed on these specimens and the  enlarged poros i ty  i n  the outer layers  
(see Fig. 3 and Table 1). A ca l cu la t i on  based on the Fe-V phase diagram17 and the leve r  r u l e  showed tha t  i f  
a l l  o f  the vanadium of the sigma phase was reacted and l o s t  (but none of the vanadium i n  so lu t i on  i n  
alpha-Fe was affected), the resu l t i ng  vanadium concentration o f  the outer layer  would be about 9 wt X, which 
i s  consistent w i th  the measured value (see Table 1) given the r e l a t i v e  s i m p l i c i t y  o f  the assumptions. 

A q u a l i t a t i v e  assessment o f  the growth of t h i s  zone as a funct ion o f  tine showed tha t  the k i n e t i c s  

However, f u r the r  analysis and recent reports on the corrosion o f  vanadium by l i t h i u m l ~ - 1 6  have 

Nickel was extensively depleted i n  both 

The deplet ion o f  n i cke l  
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I n  view of the above observations, It I s  apparent t h a t  the  corrosion of the  ordered Fe-Ni-V a l l o y  IS a 
unlque two-stage process tha t  involves (1) the p re fe ren t ia l  deplet ion o f  n l cke l  w i t h  surface des tab i l i za t i on  
and (2) the conversion o f  sigma t o  I r o n  and vanadium n i t r i d e  and/or carbide. The r e l a t i v e  rates of the two 
p r l n c l p a l  react ions are such t h a t  a corrosion zone w l th  two d i s t i n c t  layers  can be observed. 

w: . , . .  

CONCLUSIONS 

1. Fe: 

Fig. 3. Scanning e lec t ron mlcrographs of polished cross sections of 
ordered Fe-32Ni-EEV-0.4Ti ( w t  a )  exposed t o  thermal ly convective l i t h i u m  a t  
600°C f o r  7495 h. 

Table 1. Compositlonal analysis o f  LRO-35 specimens 
exposed t o  thermal ly convective l i t h i u m  a t  

600°C for 2512 and 7495 h 

Concent r a t  I on 
(wt %)a Exposure 

t lme .. . Analyzed area 
("I Fe N i  V T i  

Outer corrosion zone 2512 92 1 6 1 
Outer corrosion zone 7495 93 1 4 1 
Inner corrosion zone 2512 73 1 25 1 
Inner corrosion zone 7495 67 1 30 0.5 
Mat r i x  2512 46 31 22 0.5 
Matr ix  7495 46 31 22 0.5 

aAveraged measurements based on standardless 
analysis using ZAF-corrected energy disperslve X-ray 
spectral  data. 

does not have good corrosion reslstance t o  thermal ly convective l i t h  a t  50OoC. 

2. I n  Pb-17 at. % L i ,  the n i cke l  concentration of type 316 s ta in less  s tee l  i s  not s u f f l c l e n t  t o  pro- 
duce the i r r e g u l a r  at tack ("poros i ty" )  by a react ive  path mchanism. 
appeared t o  be the m s t  appropriate model f o r  the  observed corrosion process. 

alone does not adequately descrlbe the penetrat ion k i n e t i c s  for type 316 s ta in less s tee l  exposed t o  molten 
1 I t h i  urn. 

4. The corroslon o f  the ordered Fe-NI-V a l l o y  by nonlsothermal l l t h l u m  I s  a unlque two-stage process 
t h a t  Involves (a) the p re fe ren t ia l  deplet ion o f  n icke l  w l t h  surface des tab l l i za t i on  and (b) the converslon 
of s l g m  t o  I r o n  and vanadium n i t r i d e s  andlor carbldes. 

A surface des tab l l l za t i on  model 

3. Because o f  the compllcatfons caused by surface product reactions. the surface des tab l l l za t i on  model 

FUTURE WORK 

Over the next s i x  months, l i q u l d  metal corrosion studies w i l l  Include exposure o f  low-act lva t lon aus- 
t e n i t i c  and f e r r l t i c  s tee ls  and corrosion i n h i b l t l o n  exDerlments I n  thermal ly convective Pb-17 at. !L L1. 
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ana l ys i s  of mass t r ans fe r  i n  t h i s  environment, and p re l im ina ry  eva lua t i on  o f  a " corros ion- opt imized"  
f e r r i t i c  (7Cr) s t e e l  exposed i n  a l i t h i u m  thermal- convect ion loop. Experiments t o  study t h e  aqueous 
co r ros i on  of developmental l ow- ac t i va t i on  a u s t e n i t i c  a l l o y s  w i l l  be i n i t i a t e d .  

REFERENCES 

1. C. G. McKamey e t  al., Evaluation of Mechanical and Metallurgical Properties of Pe,Al-Based 
Atuminides, ORNL/TM-10125, September 1986. 

2. P. F. T o r t o r e l l i  e t  al.. "Corrosion I n h i b i t i o n  i n  Svstems o f  L i t h i u m  w i t h  Nickel- Bear ing A l loys ,"  ~~ ~ -. . 
pp. 161C-13 i n  Pmceedings Eighth Synposium on Engineering Pmblem of A4swn Research, I E E E  
P u b l i c a t i o n  No. 79CH1441-5 NPS, 1979. 

3. P. F. T o r t o r e l l i  and J .  H. DeVan, "Mass Transfer K i n e t i c s  i n  L i th ium- Sta in less  Steel  Systems," 
pp. 81-88 i n  Pmceedings Third Illternational Conference on Liquid Metal Engineering and Technology, 
Vol. 3, The B r i t i s h  Nuclear Energy Society,  1985. 

4. P. F. T o r t o r e l l i ,  "Corrosion of F e r r i t i c  Steels by Mol ten L i th ium:  In f luence of Competing Thermal 
Gradient  Mass Transfer  and Surface Product Reactions," J .  Nucl. Mater. 154-156 (1988). t o  be 
pub1 i shed. 

5. P. F. T o r t o r e l l i  and J .  H. DeVan, "Corrosion of Ferrous A l l oys  Exposed t o  Thermally-Convective 
Pb-17 at .  % L i , "  J .  Nucl. Mater. 141-143, 592-98 (1986). 

0. K. Chopra and D. L. Smith, " Compa t i b i l i t y  of Ferrous A l l oys  i n  a Forced C i r c u l a t i o n  Pb-17Li 
System," J .  Nucl. Mater. 141-143, 566-70 (1986). 

H. U. Borgstedt ,  G. Drechsler, G. Frees, and Z. Per ic ,  "Corrosion Tes t i ng  o f  Steel  X 18 CrMoVNb 12 
(1.4914) i n  a Pb-17 L i  Pumped Loop," J .  Nucl. Mater. 154-156 (1988). t o  be publ ished. 

7, 722-35 (1959). 

6 .  

7. 

8. J. 0. Har r i son  and C. Wagner, "The At tack o f  So l i ds  by L i q u i d  Metals  and S a l t  Melts,"  Acta Metall. 

9. K. S ieradzki  e t  al., "The Re la t i onsh ip  Between Dea l l oy i ng  and Transgranular  Stress-Corrosion 
Cracking of Cu-Zn and Cu-A1 Al loys,"  J .  Electmchem. Soc. 134, 1635-39 (1987). 

10. 0. S tau f fe r ,  Intmduction t o  Percolation Theory, Tay lo r  and Francis,  London, 1985. 

11. P. F. T o r t o r e l l i ,  "Thermal Gradient  Mass Transfer  i n  Ferrous A l l o y  Pb-17 a t .  % L i  Systems,'' 
pp. 279-87 i n  Fusion Reactor Materials Semiannual Pmgress Report March 31, 1387, DOE/ER-0313/2, U.S. DOE, 
O f f i c e  o f  Fusion Energy, September 1987. 

S t e e l  Systems," pp. 260-63 i n  m w n  R e a c t o r  Maatetiate Semiannuat P ~ o g r s e s  Repo& September 20, 1987, 
00E/ER-0313/3, U.S. DOE, O f f i c e  o f  Fusion Energy, A p r i l  1988. 

12. G. E. Re l l ,  P. F. T o r t o r e l l i ,  and M. A. Abdou, "Corrosion and Mass Transfer  i n  L i t h i u m  12Cr-1MoVW 

13. P. F. T o r t o r e l l i ,  J. H. DeVan, and C. T. L iu,  "Corrosion o f  Low A c t i v a t i o n  A u s t e n i t i c  S tee ls  and 
Ordered A l l oys  i n  Thermally Convective L i th ium,"  pp. 18C-37 i n  A M P  Semiannual Pmgress Rsport  
September 33, 1985, DOE/ER-0045/15, U.S. DOE, O f f i c e  of Fusion Energy, February 1986. 

14. P. Hubberstey and P. G. Roberts, "Corrosion Chemistry o f  Vanadium i n  L i q u i d  L i t h i u m  Conta in ing  
D isso lved  Ni t rogen,"  J .  Nucl. Mater. 154-156 (1988), t o  be publ ished. 

Mater. 154-156 (1988), t o  be publ ished. 

L i q u i d  Metal Blanket  o f  a Fusion Reactor," J .  Nucl. Mater. 154-156 (1988), t o  be publ ished. 

15. 0. K. Chopra and D. L. Smith, "Corrosion Behavior o f  Vanadium A l l o y s  i n  F lowing Lithium," J .  Nucl. 

16. H. U. Borgstedt, M. Grundmann, J. Konys, and 2. Per ic ,  "A Vanadium A l l o y  f o r  t he  App l i ca t i on  i n  a 

17. W. G. M o f f a t t ,  The Handbook of Binary Phase Diagrams, Vol. 3, General E l e c t r i c  Co., 1981. 



180 

CORROSION AND MASS TRANSFER I N  LITHIUM 12Cr-1MoVW STEEL SYSTEMS - G. E. B e l l  (Un i ve rs i t y  of C a l i f o r n i a ,  
Los Angeles), P. F. T o r t o r e l l i  (Oak Ridge Nat ional  Laboratory) ,  and M. A. Abdou (Un i ve rs i t y  o f  C a l i f o r n i a ,  
Los Angeles) 

OBJECTIVE 

The o b j e c t i v e  of t h i s  research i s  t o  p rov ide  experimental data f o r  development of,  and comparison w i th ,  
an a n a l y t i c a l  model of t he  mass t r a n s p o r t  of 12Cr-1MoVW s tee l  i n  t h e  presence of t he rma l l y  convect ive 
l i t h i u m .  Measurements of chemical and m e t a l l u r g i c a l  changes are used t o  understand mechanisms and k i n e t i c s  
of t he  re levant  react ions.  

SUMMARY 

A cor ros ion  and mass t r anspo r t  study u t i l i z i n g  two 1ithiumflZCr-1MoVW s tee l  thermal convect ion loops 
was completed a f t e r  3040 and 2510 h a t  maximum temperatures of 505 and 655"C, respec t ive ly .  Mass t r a n s f e r  
was no t  a simple func t ion  of temperature and elemental s o l u b i l i t y  and temperature g rad ien t  p layed an impor- 
t a n t  ro le.  A t  temperatures above 580"C, mass t r a n s f e r  was dominated by temperature g rad ien t  wh i le ,  between 
450 and 580"C, i t  appeared t o  be c o n t r o l l e d  by sur face reac t ions  i n v o l v i n g  n i t rogen,  l i t h i u m ,  and chromium 
and surface carbides. 
recent  b lanket  s tudies.  

The co r ros i on  ra tes  from t h i s  work were s i g n i f i c a n t l y  lower than those adopted i n  

PROGRESS AND STATUS 

As repor ted  p rev ious ly , '  a co r ros i on  and mass t r a n s f e r  study was undertaken us ing  thermal convect ion 
loops (TCLs) of a modi f ied ORNL design. 
655'C. w i t h  temperature d i f f e r e n t i a l s  of approximately  150 and 140"C, respec t ive ly .  
were completed a f t e r  3040 h of specimen exposure i n  t h e  Tma,! = 5 0 5 T  TCL and a f t e r  2510 h i n  t h e  h igher  
temperature loop. 
mens from the  two loops are shown i n  Figs. 1 and 2. 
t h e  Tmax = 655'C loop were more than an order  of magnitude l a r g e r  than those i n  t he  Tma? = 505Y  TCL. 
Weight l oss  occurred i n  most specimens from t h e  Tmax = 505'C loop. 
w i t h  temperatures g rea ter  than approximately  450°C showed s i g n i f i c a n t  weight gains desp i te  being a t  t he  
h ighes t  temperature loop pos i t i ons .  
t r ans fe r  from the  heated l e g  t o  t h e  cooled l e g  was no t  apparent from t h e  weight  change data. 
temperature loop, weight  losses and gains occurred i n  both t he  heated and cooled legs. 
recorded f o r  specimens above 580°C and weight  gains were measured below t h i s  temperature. 

The two TCLs operated a t  maximum temperatures (Tmax) of 505 and 
Experimental exposures 

Weight change data as a func t ion  of specimen p o s i t i o n  and temperature f o r  se lec ted  speci-  
As noted from data a t  sho r t e r  times,2 weight changes i n  

However, specimens i n  i t s  heated l e g  

Weight l o s s  d i d  not  monotonical ly  increase w i t h  temperature and mass 
I n  t h e  h igher  

Weight losses were 

ORNLDWG 88-10101 ORNLDWG 88-10102 

-1.0 - 300 
1.0 2.0 

&O 
Distance from "cold leg" inlet (m) 

-20 500 
0.0 1 .o 2.0 

Distance from "cold leg" inlet (m) 

Fig. 1. Weight change and temperature p r o f i l e  F ig.  2. Weight change and temperature p r o f i l e  
f o r  Tma, = 505°C 12Cr-1MoVW s t e e l - l i t h i u m  loop, f o r  Tmax = 655°C 12Cr-1MoVW s t e e l - l i t h i u m  loop, 
Reynolds number = 1400, 3040 h of exposure. Reynolds number = 1600, 2510 h of exposure. 

r e l a t e d  t o  t h e  format ion of a t e rna ry  l i th ium- chromium- n i t r ide  compound on t he  
g iven i n  Eq. (1). 

I n  chromium-containing s tee ls ,  increased weight losses w i t h  i nc reas ing  n i t r ogen  i n  l i t h i u m  have been 
The reac t i on  i s  

( 1 )  Li,N + 115 C r  + 115 Li,CrN, + 615 L i  . 



181 

80 

70 - - 60- 
E 
a 5 0 -  

40- v 

2 Y 30- 

20 - 
10 

T,,, = 505'C 

Calculated 
Measured 

T,,, = 655'C 

I 

I n  view of t h e  above d iscussion,  t h e  small weight losses below 450OC were probably due t o  fo rmat ion  of 
an adherent, p r o t e c t i v e  f i l m  of LigCrN5 ( r e f .  4) du r i ng  loop  opera t ion  and t h e  subsequent removal o f  t he  
f i l m  by specimen c leaning.  Th is  would exp la i n  t h e  near uni form weight losses between 360 and 450T. While 
s o l u b i l i t y - d r i v e n  thermal g rad ien t  mass t r a n s f e r  d i d  not  appear t o  be s i g n i f i c a n t  i n  t he  lower temperature 
TCL, a t  h igher  temperatures (above 58OoC), many of t he  observat ions are c h a r a c t e r i s t i c  of such behavior. 
Th i s  would i n d i c a t e  t h a t  t he  Li9CrN, has f i n i t e  s o l u b i l i t y  i n  l i t h i u m  or i s  l ess  adherent i n  t h i s  tem- 
pe ra tu re  range. A l t e r n a t i v e l y ,  n i t r ogen  a t  t he  l e v e l s  found a t  t he  h igher  temperatures no longer  may 
c o n t r o l  t he  co r ros i on  process. S i m i l a r  changes i n  behavior  as a func t ion  of TmX have been observed i n  
e a r l i e r  TCL experiments w i t h  12Cr-1MoVW charac te r ized  by lower l i t h i u m  temperature, mass f l ow  rate,  and 
Reynold 's  number.8.9 The magnitude of t h e  weight  changes i n  t h i s  i n v e s t i g a t i o n  was cons i s ten t  w i t h  p rev ious  
i n v e s t i g a t i o n s  a t  lower temperatures.8-11 
f a c t o r  of 4 o r  5 lower than were est imated i n  c e r t a i n  design studies.12 

repor ted  p rev ious l y :  2 
temperatures. 
chromium t o  between 4 and 10 w t  % f r o m  t h e  s t a r t i n g  11.9 w t  $. As descr ibed e a r l i e r . 2  t h e  nodules were com- 
posed of chromium and i r o n  ( r i c h  i n  chromium w i t h  respect  t o  t h e  o r i g i n a l  composi t ion)  and f u r t h e r  EOX anal-  
yses have now shown t h a t  t h e  r a t i o  of chromium t o  i r o n  increased w i t h  i nc reas ing  temperature. Furthermore, 
X-ray d i f f r a c t i o n  pa t t e rns  of specimen surfaces h e a v i l y  populated w i t h  such nodules c l e a r l y  showed t h e  p res-  
ence of M2,C6. Surface chromium contents were h ighes t  a t  in te rmed ia te  temperatures where t h e  M C nodules 
were found. 
nodule fo rmat ion  were re la ted .  However, sur face chromium content  decreased w i t h  i nc reas ing  pebble s i z e  and 
temperatu re. 

However, mass t r a n s f e r  r a tes  and weight changes were between a 

Surface analyses of exposed specimens revealed a d d i t i o n a l  in fo rmat ion  about features l i k e  those 
"pebble- l ike ' '  s t r uc tu res  on a l l  unde r l y i ng  sur faces and nodules a t  in te rmed ia te  

Energy d i spe rs i ve  X-ray (EDX) ana l ys i s  of t h e  pebbled specimen sur faces showed dep le t i on  i n  

It i s  no t  c l e a r  whether t he  observat ions of chromium dep le t ion ,  surface "pebbling,z3a:d MZ3C6 
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The M,,C, nodules were on ly  present  a t  temperatures between 450 and 570"C, and growth of these carb ide  
The nodules nodules were t he  cause of t he  net  weight  gains i n  t h e  h o t t e s t  p o r t i o n  of t he  Tmax = 505°C TCL. 

appeared f i r s t  and disappeared l a s t  a t  t he  g ra i n  boundaries o f  t he  specimens, where carbides on t he  s t e e l  
surface served as nuc lea t i on  s i t e s  f o r  subsequent growth. 
specimens from the  Tmax = 655°C TCL than on those from the  lower temperature loop;  t h i s  was probably due t o  
more chromium and carbon a v a i l a b l e  from d i s s o l u t i o n  and decarbur iza t ion  processes, which r e a d i l y  occurred a t  
t h e  h i ghe r  temperatures. The chromium- to- iron r a t i o s  of t he  sur face M z 3 C 6  nodules were cons is ten t  w i t h  
those found i n  12Cr-1MoVW steel.13 The i d e n t i f i c a t i o n  o f  these nodules as carbides and t he  s i m i l a r i t y  of 
such f ea tu res  t o  those observed i n  independent loop  experiments%-1' emphasizes t he  importance of chromium 
and carbon reac t ions  and subsequent t r anspo r t  ( poss ib l y  v i a  t e rna ry  n i t r i d e  co r ros i on  product  and MZ3C, 
nodule fo rmat ion)  i n  t h e  temperature range o f  i n t e r e s t  f o r  fe r rous  a l l o y - l i t h i u m  systems, as has been 
suggested previously. '+.9 

r eac t i ons  w i t h  n i t r ogen  and p r e - e x i s t i n g  carbides,  p a r t i c u l a r l y  a t  t he  g ra i n  boundaries, on t he  s t e e l  sur-  
face. The temperatures (450 t o  570°C) a t  which t he  nodules occur are near t h e  520°C (sigma-phase) so l i dus  
phase boundary15 and t h e  t h e o r e t i c a l  maximum of t he  e q u i l i b r i u m  n i t r ogen  i n  l i t h i u m  [Eq. ( l ) ] ,  as i nd i ca ted  
by Fig. 3. The presence of l i t h i u m  and/or a l i th ium-ni t rogen- chromium co r ros i on  product  may a f fec t  t he  
k i n e t i c s  o f  t he  carbide phase fo rmdt ion  and growth. 
520°C so l i dus  m y  decrease chromium a c t i v i t y  on t h e  s tee l  surface. 
which such nodules form, i t  i s  apparent t h a t  t he  format ion o f  t he  sur face  nodules and o ther  sur face reac- 
t i o n s  nus t  be considered i n  any mass t r a n s f e r  model of Li-Fe-Cr(-Ni,Mn) systems and, s p e c i f i c a l l y ,  i n  t he  
design o f  heat t r anspo r t  systems u t i l i z i n g  Fe-Cr a l l o y s  w i t h  l i t h i um.  

Q u a l i t a t i v e l y ,  more nodules were present  on t he  

As discussed e lsewhere.2~" t he  format ion o f  M23C6.deposits may be r e l a t e d  t o  surface products from 

I n  p a r t i c u l a r ,  a change i n  chromium s o l u b i l i t y  a t  t he  
However, regardless of the  mechanism by 

CONCLUSIONS 

1 .  Analyses o f  r e s u l t s  from two l i t h i u m  thermal convect ion loop experiments operated a t  maximum tem- 
pera tu res  o f  505 and 655°C f o r  3040 and 2510 h. respec t ive lv .  showed t h a t  mass t r a n s f e r  i n  l i t h i u m-  
i2Cr-1MoVW s tee l  systems was not  a simple f unc t i on  o f  temperature and elemental s o l u b i l i t y .  
g rad ien t  p layed an impor tan t  ro le .  

Temperature 

2. A t  temperatures above 580°C. mass t r a n s f e r  was dominated by temperature g rad ien t  wh i le ,  between 450 
and 580"C, it appeared t o  be c o n t r o l l e d  by reac t ions  i n v o l v i n g  n i t rogen,  l i t h i u m ,  chromium, and surface 
carbides. 

3. Thermodynamic c a l c u l a t i o n s  showed t h a t  t he  measured n i t r ogen  concent ra t ions  of the  l i t h i u m  i n  t he  
two loops were determined by e q u i l i b r i u m  w i t h  a LigCrN5 product. 

o f  these carbides s t r ong l y  i n f l uenced  t he  measured weight  change p r o f i l e s  around t he  loops. 

s tudies.  

4. I n  t he  in te rmed ia te  temperature range, l a r g e  M2,C, surface nodules were i d e n t i f i e d .  The fo rmat ion  

5. The co r ros i on  ra tes  from t h i s  work were s i g n i f i c a n t l y  lower than those adopted i n  recent  b lanket  
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ASSESSMENTaOF STRESS-CORROSION CRACKING FOR NEAR-TERM FUSION REACTORS -- R.H. Jones ( P a c i f i c  Northwest 
Laboratory ) 

OBJECTIVE 

The o b j e c t i v e  o f  t h i s  eva lua t i on  was t o  i d e n t i f y  and assess the  p o t e n t i a l  f o r  s t ress- cor ros ion  c rack ing  
(SCC) i n  near- term, water-cooled f u s i o n  reac to rs .  I d e n t i f i c a t i o n  o f  c r i t i c a l  issues, eva lua t i on  o f  the  
r e l e v a n t  s t ress- cor ros ion  da ta  base and recomnendations on m a t e r i a l s  s e l e c t i o n  was a l so  an o b j e c t i v e  o f  
t h i s  study. 

SUMKARV 

Water-cooled, near- term fus ion reac to r s  w i l l  operate under cond i t i ons  a t  which SCC i s  possib le;  how- 
ever, c o n t r o l  of m a t e r i a l  p u r i t y  and f a b r i c a t i o n  procedures can reduce the  p r o b a b i l i t y  o f  crack i n i t i a t i o n  
and growth. Some of the  c r i t i c a l  issues i d e n t i f i e d  i n  t h i s  eva lua t i on  are:  1) w i l l  i r r a d i a t i o n - a s s i s t e d  
s t ress- cor ros ion  c rack ing  (IASCC) occur  a t  temperatures lower than l O O " C ,  and i f  so, i s  t he  neutron f luence 
t h resho ld  equal t o  o r  l e s s  than near- term reac to r  f luences? 2)  w i l l  aqueous-salt so l u t i ons  cause SCC? and 
3)  w i l l  r a d i o l y s i s  acce le ra te  SCC i n  c lean  water o r  aqueous-salt  coo lan ts?  

PROGRESS AND STATUS 

Background 

systems. Components a t  r i s k  i nc l ude  1) upper guide s t ruc tu res ,  2)  con t ro l  b lade sheaths, 3 )  fue l  bundle 
handles i n  bo i l i ng- wa te r  r eac to r  (BWR) systems, and 4)  b o l t s  and c o n t r o l  r od  guide tubes i n  pressur ized-  
water r eac to r  (PWR) systems. 
an a l t e r a t i o n  of the  aqueous environment by t he  i n - co re  y r a d i a t i o n  and an a l t e r a t i o n  of t he  ma te r i a l  
m i c ros t ruc tu re  by the  i n- co re  neut ron  f l u x .  Recent t e s t s  us i ng  samples taken from 304 SS components i n  BWR 
systems have shown an i nc reas ing  s u s c e p t i b i l i t y  t o  I A S C C  a f t e r  i r r a d i a t i o n  a t  2BB'C t o  a f luence o f  approx- 
ima te l y  5 x l o z o  nlcmZ (E > 1 MV) .  Clarke, Hale, and S i e s l e r  (1) r e c e n t l y  found t h a t  t he  presence o f  y 
r a d i a t i o n  r e s u l t s  i n  a s h i f t  i n  t he  e lectrochemical  p o t e n t i a l  t o  more p o s i t i v e  values i n  BWR environments 
and t h a t  t h i s  s h i f t  increases s u s c e p t i b i l i t y  t o  IASCC. 
t he  enera t ion  of species t h a t  would n o t  be poss ib l e  under o the r  cond i t ions .  These species (peroxides,  
etc.3 a c t  t o  inc rease t he  aggressiveness of t he  environment. 

Energy (DOE) and t he  E l e c t r i c  Power Research I n s t i t u t e  (EPRI), Jones and Simonen ( 2 )  sumnarized the  key 
r a d i a t i o n  damage issues i r i  I A S C C  as f o l l o w s :  

I r r a d i a t i o n - a s s i s t e d  SCC i s  a concern f o r  several  i n - co re  components i n  l i g h t - w a t e r  r e a c t o r  (LWR) 

The exac t  mechanism i s  n o t  c l e a r l y  understood b u t  i s  thought  t o  i nc l ude  bo th  

The energy in t roduced by t he  y r a d i a t i o n  r e s u l t s  i n  

A t  a recent  workshop co-sponsored by t he  D i v i s i o n  of Ma te r i a l s  Sciences of t he  U.S. Department of 

o What i s  t he  dominant SCC mechanism and what i s  t he  r o l e  o f :  
- P, 5. and S i  segregat ion 
- f i l m  r up tu re  process 
- s t ress  dependence 
- hydrogen o r  anodic d i s s o l u t i o n ?  

What i s  t he  r o l e  of hardening and embr i t t lement?  

How i s  t he  c rack  t i p  s t r a i n  and s t r ess  d i s t r i b u t i o n  a f f ec ted  by r a d i a t i o n ?  
- Rad ia t ion  hardening cou ld  cause l o c a l i z e d  f low lcor ros ion lchanne l  f rac tu re .  

o 

o 

Some a d d i t i o n a l  m e t a l l u r g i c a l  factors,  beyond those l i s t e d  p rev ious ly ,  were discussed a t  t he  OOEIEPRI  
workshop on IASCC ( 3 ) .  These f a c t o r s  inc luded:  

o 
o g r a i n  boundary s t r u c t u r e  
o r a d i a t i o n  damage denuded zone 
o 

e a r l y  stages of carb ide  p r e c i p i t a t i o n  

g r a i n  boundary s t r ess  from segregation. 

The poss ib l e  c o n t r i b u t i o n  o f  these f a c t o r s  t o  I A S C C  a re  unknown, as l i t t l e  research has been conducted on 
m e t a l l u r g i c a l  e f f e c t s  as ide  from i m p u r i t y  segregation. 

r a y  r a d i a t i o n  of 4.5 x 10'4 rad lh .  They found t h a t  t he  f r ac tu re  s t r a i n  a t  s t r a i n  r a t e  of 5 x 10-7 t o  
5 x 

F u j i t a  e t  a l .  ( 2 )  evaluated the  SCC behavior  o f  304 SS i n  high- temperature water (250'C) du r i ng  a gama 

5-l was unaffected i n  water w i t h  l ess  than 20 ppb oxygen b u t  was decreased about 50% i n  water  w i t h  

x-ed f o r  t he  U.S. Department o f  Energy by B a t t e l l e  Memorial I n s t i t u t e  under Cont rac t  
DE-AC06-76RLO 1830. 
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8 ppm oxygen. 
r a d i o l y s i s  caused t he  breakdown of t he  passive f i l m  and thereby caused i n t e r g r a n u l a r  s t ress- cor ros ion  
c rack ing  ( IGSCC) o f  s e n s i t i z e d  ma te r i a l .  
304 SS f rom 
In the  low pH experimTnt, Kur ibayashi  and Okabayashi ( 5 )  concluded t h a t  t he  gamma r a d i a t i o n  caused a rad io-  
l y t i c  r e a c t i o n  of Fez 
hence a f f e c t e d  t he  IGSCC.  

I r r a d i a t i o n - i n d u c e d  s o l u t e  segregat ion o f  impu r i t i es .  such as phosphorus, and dep le t i on  o f  chromium near 
g r a i n  boundaries have been measured i n  i r r a d i a t i o n  experiments. 
r e l a t e d  t o  embr i t t lement  and s e n s i t i z a t i o n  i n  SCC t e s t s  i n  t he  absence o f  i r r a d i a t i o n .  
between i r r a d i a t i o n ,  cor ros ion ,  and segregat ion have n o t  been studied.  
a f fec t  c rack ing ,  e s p e c i a l l y  i n  h igh- s t rength  s tee l .  
n o t  expected t o  be t he  same as i n  an u n i r r a d i a t e d  a l l o y  because o f  i n t e r a c t i o n s  of hydrogen w i t h  i r r a d i a -  
t i o n  defects.  

F u j i t a  e t  a l .  (4)  suggested t h a t  t he  increased hydrogen concent ra t ion  i n  t he  water  f rom 

Kur ibayashi  and Okabayashi (5 )  a l s o  observed increased IGSCC of 
r a d i a t i o n  i n  oxygenated h i g h- p u r i t y  water  and i n  a b o i l i n g  12% NaCl s o l u t i o n  w i t h  a pH o f  3. 

and t h a t  t he  s t r ong  o x i d i z i n g  f e r r i c  ions  acce le ra ted  t he  co r ros i on  r a t e  and 

Chemical processes a t  t he  t i p  of a s t ress- cor ros ion  c rack  cou ld  be s t r o n g l y  i n f l uenced  by i r r a d i a t i o n .  

+ Fe3 

These segregat ion processes have a l s o  been 
I n t e r a c t i o n s  

Elemental hydrogen i s  a l s o  known t o  
The d i s t r i b u t i o n  o f  hydrogen i n  an i r r a d i a t e d  a l l o y  i s  

Mechanical processes a t  t he  t i p  o f  a s t ress- cor ros ion  c rack  a re  a l s o  expected t o  be s t r o n g l y  i n f l uenced  

Conversely, an enhanced crack t i p  
Experiments have i n d i c a t e d  t h a t  i r r a d i -  

by i r r a d i a t i o n .  
d r i v i n g  fo rce  f o r  crack extension i n  a cons tan t  d e f l e c t i o n  l oad ing  mode. 
s t r a i n  r a t e  may acce le ra te  t he  s t ress- cor ros ion  crack growth r a t e .  
a t i o n  f l u x e s  and m a t e r i a l  s t resses cause s i g n i f i c a n t  enhancement i n  s t r ess  re l axa t i on .  
caused by i r r a d i a t i o n  has n o t  been examined r e l a t i v e  t o  t he  c rack  t i p  cons t ra i n t s .  
i r r a d i a t i o n  p l a s t i c  deformation i s  observed t o  be af fected by i r r a d i a t i o n  h i s t o r i e s .  
a f f e c t s  passive f i l m  r up tu re  i n  u n i r r a d i a t e d  metals. I n  i r r a d i a t e d  metals ,  l o c a l i z e d  shear i s  s t r o n g l y  
a f f ec ted  by i r r a d i a t i o n  m ic ros t ruc tu res  and, hence, i s  expected t o  c o n t r i b u t e  t o  i r r a d i a t i o n  e f f e c t s  on 
SCC. 

Of  these processes, hydrogen embr i t t lement  t o  f e r r i t i c  s t ee l s  i s  o f  concern because i t  appears t h a t  

I r r a d i a t i o n  creep can enhance s t r e s s  r e l a x a t i o n  a t  t he  crack t i p  and hence can reduce the  

Stress r e l a x a t i o n  

Inhomogeneous shear 
I n  a d d i t i o n ,  post-  

r a d i a t i o n  w i l l  i nc rease t he  y i e l d  s t reng th ,  induce i m p u r i t y  segregat ion t o  g r a i n  boundaries, and enhance 
hydrogen absorpt ion.  The e f fec ts  o f  rad ia t ion- induced p r e c i p i t a t i o n  and he l ium embr i t t lement  a re  unknown 
b u t  should n o t  be ignored; i r rad ia t ion- enhanced co r ros i on  w i l l  a f f e c t  s t ress- cor ros ion ,  b u t  t he  e f f e c t  
should be smal l .  It was est imated by Jones and Wolfer ( 6 )  t h a t  r a d i a t i o n  induced g r a i n  boundary segrega- 
t i o n  o f  phosphorus i n  316 SS cou ld  increase the  s t r ess- co r ros i on  crack growth r a t e  by a f a c t o r  of 8. 
Recently, Jones (7,8) est imated t he  e f f e c t  of i r r a d i a t i o n  creep on t he  s t r ess  co r ros i on  crack growth r a t e .  
Th i s  eva lua t i on  examined on l y  t he  r e l a t i o n s h i p  between creep ra te ,  crack growth r a t e  (which was dependent 
on t he  crack t i p  s t r a i n  r a t e  as proposed by Ford), and s t r ess .  
s t r ess  r e l a x a t i o n  a t  t he  crack t i p .  
increase t he  crack qrowth r a t e  1000 t imes a t  a s t r ess  

It d i d  n o t  consider  the  p o s s i b i l i t y  of 
The conc lus ion  of t h i s  assessment was t h a t  i r r a d i a t i o n  creep c o u l d  

o f  10 MPa and 4 t imes a t  100 MPa, b u t  t he  e f fec t  d imin-  
ished a t  h igher  s t resses.  1 o - ~  
Stress-Corrosion Cracking Issues 

Temperature Dependence 
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The e f f e c t  of water coo lan t  temperature on SCC and 
IASCC i s  a key f a c t o r  i n  assessing t he  p o t e n t i a l  
SCC and I A S C C  i n  near-term f u s i o n  r e a c t o r  concepts. 
Water coo lan t  temperatures as h i gh  as 250°C have been 
proposed f o r  t he  European ITER w h i l e  proposed coo lan t  
temperatures a re  lower than 100°C. 150°C and 120°C f o r  
the  U.S., Japanese, and USSR designs, r espec t i ve l y .  
There i s  ample evidence t h a t  SCC and IASCC occurs w i t h  
a u s t e n i t i c  s t a i n l e s s  s t e e l s  a t  288°C based on LWR 
experience. Oxygen and o the r  i m p u r i t i e s  a re  known t o  u) 

E exacerbate SCC o f  sens i t i zed  s t a i n l e s s  s t e e l s  i n  water, L 

w h i l e  l o c a l i z e d  co r ros i on  from crev ices  and ga lvan ic  
co r ros i on  f rom d i s s i m i l a r  metal couples a re  fac to rs  i n  

c a t i o n  by bending, g r i n d i n g  f o r  weld p repara t ion ,  and 

cyc les  a l s o  c o n t r i b u t e  t o  SCC i n  LWRs. 
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crack i n i t i a t i o n .  

weld ing a l s o  acce le ra te  SCC. 
s i e n t  water  chemistry  cond i t i ons  from star tuplshutdown 

Cold work in t roduced du r i ng  f a b r i -  

C y c l i c  s t resses and t r an-  

1 6 1 2  

Many SCC and IASCC processes are  t he rma l l y  a c t i -  
vated such t h a t  t he  SCC and IASCC s u b c r i t i c a l  crack 
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Temperature, *C 

growth r a t e  decreases w i t h  decreasing temperature (9), 
Figure 1. 
noted f o r  a u s t e n i t i c  s t a i n l e s s  s t e e l s  f o r  a constant  

F ig.  1. Ef fec t  o f  temperature on s t r ess  co r ros i on  
o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s  i n  22 p c t  
NaCL aerated. OCB specimens, K = 40 t o  50 
MPafi. (Ref. 9)  

Such a temperature dependence has been 
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water chemistry ,  m a t e r i a l  and s t r ess  cond i t i on .  
dominant t h a t  crack v e l o c i t i e s  
w i t h  add i t i ons  of 10 ppm of C1- and F- (10) .  
t i o n  w i l l  be necessary t o  ensure t h a t  SCC does n o t  occur  i n  near- term fus ion  reac to r s  opera t ing  a t  temper- 
a tu res  lower than 100°C. 

As i n d i c a t e d  i n  t he  background sec t ion ,  the  spec i f i c  cause(s) o f  IASCC have n o t  been determined. 
c l e a r  t h a t  some r a d i a t i o n  dama e process must precede t he  onset of crack growth and t h a t  a t  288°C t h i s  
t h resho ld  occurs a t  around l o z q  n/cm2 ( - 1  dpa). However, a t  lower temperatures i t  i s  expected t h a t  t h i s  
damage t h resho ld  may be s u b s t a n t i a l l y  h igher  s i nce  s o l i d - s t a t e  d i f f u s i o n a l  processes are  involved.  An 
except ion t o  t h i s  might  be a process i n v o l v i n g  a combined e f f e c t  o f  r a d i a t i o n  hardening and hydrogen- 
induced s u b c r i t i c a l  crack growth which cou ld  occur a t  25°C. 

However, t he  e f f e c t  o f  water  chemistry  i s  s u f f i c i e n t l y  
cm/s) approaching those a t  300°C have been obta ined a t  40°C i n  water 

Therefore, c o n t r o l  o f  water chemistry  and m a t e r i a l  s e n s i t i z a -  

I t  i s  

There i s  considerable evidence t h a t  r a d i a t i o n  
enhanced impu r i t y  segregat ion i s  one o f  t he  pr imary 
fac to rs  invo lved  i n  IASCC.  Evidence f o r  segregat ion 
of i m p u r i t i e s  such as P, S i ,  and S i nc l ude  heavy i o n  
i r r a d i a t i o n  s tud ies  by Br imha l l  e t  a l .  ( l l ) ,  e l e c t r o n  
i r r a d i a t i o n  s tud ies  by Fukuya e t  a l .  (12) and i n -  
r eac to r  IASCC s tud ies  by G a r z a r o l l i  e t  a l .  (13)  show- 
i n g  improved performance f o r  h i g h- p u r i t y  a l l o y s .  
u n i r r a d i a t e d  316 SS, Andresen and B r i a n t  (14)  found 
t h a t  an i n t e r g r a n u l a r  SCC mode was favored by S segre- 
g a t i o n  i n  288°C water b u t  t h a t  t h e  crack v e l o c i t y  was 
unaffected by i m p u r i t y  segregation. Phosphorus and N 
segregat ion d i d  no t  a f f e c t  t he  f r ac tu re  mode o r  crack 
v e l o c i t y .  These r e s u l t s  suggest t h a t  some o the r  r a d i -  
a t i o n  damage process besides segregat ion may be neces- 
sary f o r  IASCC t o  occur. Rad ia t i on  hardening or  other 
m i c r o s t r u c t u r a l  changes may be invo lved .  

Radiation-enhanced segregat ion o f  P and S i  has 
been observed i n  304 SS i r r a d i a t e d  w i t h  neutrons t o  

I n  

a f luence of 9 x l o z o  n/cmz a t  300°C (15). 
observa t ion  i s  t he  lowest  temperature a t  which rad ia-  

Th is  

tion-enhanced impu r i t y  segregat ion has been measured 
s ince  the  heavy i o n  and e l e c t r o n  i r r a d i a t i o n  s tud ies  
were conducted a t  temperatures of 400°C and above. 
I n  an e f f o r t  t o  eva lua te  the  temperature dependence o f  
radiat ion-enhanced i m p u r i t y  segregation, Simonen and 
Jones (16)  c a l c u l a t e d  s o l u t e  segregat ion k i n e t i c s  
us ing  a non- equ i l ib r ium model by Lam e t  a l .  (17) .  The 
r e s u l t s  of t h i s  c a l c u l a t i o n  a re  shown i n  F igure  2 w i t h  
surface i m p u r i t y  concent ra t ion  versus i r r a d i a t i o n  tem- 
pe ra tu re  f o r  d i f f e r e n t  displacement r a tes .  The data 
f o r  a displacement r a t e  o f  5 x 10'' dpa ls  corresponds 
t o  the  heavy i o n  i r r a d i a t i o n  data o f  Br imha l l  e t  a l .  
(11)  and the  model was c a l i b r a t e d  t o  t h i s  data. The 
parameters chosen t o  f i t  the  model t o  experimental 
da ta  were found t o  be p h y s i c a l l y  r e a l i s t i c ,  so i t  was 
concluded t h a t  t he  model was a reasonable representa-  
t i o n  o f  t he  phys ica l  processes occu r r i ng  dur ing  i r r a -  
d i a t i o n .  A t  displacement r a t e s  more cons i s ten t  w i t h  
i n - r e a c t o r  cond i t i ons  o r  s t r u c t u r a l  ma te r i a l s  i n  a 
nea r - t e rn  f u s i o n  r e a c t o r ,  t he  i m p u r i t y  segregat ion 
a f t e r  1 dpa exceeds t h a t  observed w i t h  heavy i o n  i r r a -  
d ia t i ons .  Also, segregat ion decreases r a p i d l y  w i t h  
temperature down t o  about 200°C b u t  reaches a minimum 
a t  100°C w i t h  measurable segregat ion p red i c ted  a t  a 
temperature of 50°C. Th i s  low- temperature segregat ion 
occurs because o f  t he  m o b i l i t y  o f  i n t e r s t i t i a l s  a t  low 
temperature. Therefore, these c a l c u l a t i o n s  p r e d i c t  
t h a t  rad ia t ion- induced s o l u t e  segregat ion may occur a t  
temperatures w e l l  below 100°C so t h a t  if impur i t y  
segregat ion i s  a pr imary f a c t o r  i n  IASCC, i t cou ld  
occur  a t  temperatures below 100°C. The th resho ld  f l u -  
ence f o r  I A S C C  a t  low temperatures w i l l  obv ious ly  be 
q rea te r  than a t  300°C and based on the  ca l cu la ted  
i m p u r i t y  segregat ion a t  3 0 0 T  t h i s  th resho ld  would 
exceed 30 dpa a t  100OC. 

/ 
0.1 i:iL 0 0  
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F ig .  2. Ca lcu la ted  phosphorus segregat ion 
versus temperature (15) .  

F io.  3. Crack urowth r a t e  versus oxvacid concen- 
t r a t i o n  and c o n d u c t i v i t y  f& sens i t i zed  
304 ss a t  288°C (18). 
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Stress-Corrosion Cracking i n  Aqueous-Salt Coolants 

Concentrated l i t h i u m  s a l t  so l u t i ons  a re  being considered as coolants f o r  near- term fus i on  reac to rs .  The 
data base f o r  SCC o f  a u s t e n i t i c  s t a i n l e s s  s tee l s  i n  concentrated s a l t  s o l u t i o n s  i s  very s arse w i t h  t he  
except ion o f  MgC1,. Both i n t e r g r a n u l a r  and t ransgranu la r  SCC can occur i n  b o i l i n g  (155"CY MgC12; however, 
t he  p ropens i ty  f o r  c rack ing  i s  r e l a t e d  t o  the  concent ra t ion  o f  C l - ,  which destroys the  passive f i lm- fo rming  
capac i ty  o f  a u s t e n i t i c  s t a i n l e s s  s tee l s .  There i s  no evidence t h a t  concentrated LiNO, s o l u t i o n s  a f f ec t  
p a s s i v i t y  o f  s t a i n l e s s  s tee l s ,  a l though t he re  have been few s tud ies .  Shack e t  a l .  (18)  have evaluated the  
e f f ec t  of the  concent ra t ion  o f  several  oxyacids on t he  SCC o f  sens i t i zed  304 SS w i t h  the  r e s u l t s  shown i n  
F igure  3. Several of the  oxyacids had i d e n t i c a l  e f f e c t s  as a f u n c t i o n  o f  concent ra t ion  w h i l e  H~POI, had the  
l e a s t  e f f e c t .  Shack e t  a l .  (18) concluded t h a t  t he  oxyacid e f fec t  was due p r i m a r i l y  t o  the  change i n  solu-  
t i o n  c o n d u c t i v i t y  and t he  r e s u l t i n g  change i n  metal i o n  t r a n s p o r t  w i t h i n  t he  crack t i p  and n o t  t o  a change 
i n  the  pH accompanying t he  a d d i t i o n  o f  t he  oxyacid. cm/s was observed f o r  
a n i t r a t e  concent ra t ion  o f  100 ppm which i f  ex t rapo la ted  t o  a 1% (10,000 ppm) s a l t  s o l u t i o n  would p r e d i c t  a 
crack growth r a t e  o f  A t  t h i s  crack v e l o c i t y ,  a s t ress- cor ros ion  crack w i l l  propagate through a 
1 - m - t h i c k  w a l l  i n  3 h. 

There a re  several  s i g n i f i c a n t  d i f fe rences  between t he  r e s u l t s  o f  Shack e t  a l .  (18)  and t he  cond i t i ons  
t h a t  a re  l i k e l y  t o  e x i s t  i n  an I T E R  type  reac to r .  
w i l l  n o t  be s e n s i t i z e d  i f  low-carbon a u s t e n i t i c  s t a i n l e s s  s tee l  and proper weld ing procedures a re  used. 
Other d i f f e rences  i nc l ude  t he  temperature o f  288"C, the  low pH, and the  type  of s t a i n l e s s  s t e e l ,  304 SS 
versus 316 SS. 
o f  316 SS o r  PCA i s  e s s e n t i a l l y  non-existent ,  i t  w i l l  be necessary t o  o b t a i n  t h i s  da ta  f o r  the  r e l e v a n t  
f u s i o n  reac to r  cond i t ions .  

E f f e c t s  o f  Rad io l ys i s  

A crack v e l o c i t y  exceeding 

cm/s. 

F i r s t ,  t h e i r  ma te r i a l  was sens i t i zed  w h i l e  ITER ma te r i a l  

Since t he  data base f o r  assessing the  e f f e c t  o f  concentrated l i t h i u m  s a l t  so l u t i ons  on SCC 

There a re  a number o f  processes by which r a d i o l y s i s  can a f f e c t  the  water  chemistry  and e lectrochemical  
p o t e n t i a l  o f  a ma te r i a l .  O f  p a r t i c u l a r  i n t e r e s t  t o  an I T E R  type  reac to r  i s  t he  e f fec t  of r a d i o l y s i s  of 
"pure" water and aqueous-salt  coo lan ts  on SCC. A s t r ess- co r ros i on  c rack ing  study by F u j i t a  e t  a l .  ( 4 )  
i n d i c a t e d  t h a t  t he  s t r a i n  t o  f a i l u r e  o f  s e n s i t i z e d  304 SS i n  water  a t  250°C w i t h  8 ppm oxygen decreased 
from 15% t o  10% i n  t he  presence o f  gamma r a d i a t i o n .  Th is  d i f f e r e n c e  suggests an increase i n  the  crack 
growth r a t e  of about 50%, which i s  a r e l a t i v e l y  small e f f e c t .  Again, t h i s  i s  f o r  sens i t i zed  ma te r i a l  and 
an e leva ted  temperature so the  cond i t i ons  a re  n o t  t he  same as expected i n  an ITER t ype  fus ion  reac to r .  

increase i n  t h i s  r a t i o  f o r  a ground water  was observed a t  a f l u x  of l o 4  r a d l h  by Van Konynenburg (19) ,  
a l though f o r  most o f  t he  ground waters and a h igh  p u r i t y  water evaluated the  n i t r i t e  t o  n i t r a t e  r a t i o  
remained constant .  
a t  about 1. 
and crushed g lass  inc luded i n  the  water dur ing  i r r a d i a t i o n .  
r e l a t e s  bes t  t o  t he  ITER fus i on  reac to r  environment, which su gests no change i n  the  n i t r i t e  t o  n i t r a t e  

t he  I T E R  r e a c t o r  environment i s  whether o the r  substances w i l l  be immersed i n  the  coo lan t  w i t h  c a t a l y t i c  
a c t i v i t y  which w i l l  r a i s e  t he  n i t r i t e  t o  n i t r a t e  r a t i o .  
f u s i o n  reac to r  ma te r i a l s  i n  t he  aqueous-salt coo lan t  and a gamma-flux i s  necessary t o  p rope r l y  eva lua te  the  
ITER-relevant cond i t ions .  

Rad ia t ion  Hardening E f f e c t s  

Jacobs e t  a l .  (20) have measured the  t e n s i l e  p rope r t i es  of 304 S S ,  304L, 316, and 316NG fo l l ow ing  i r r a -  
d i a t i o n  a t  288°C. A f t e r  i r r a d i a t i o n  t o  a f luence o f  2.5 x l o z 1  n/cm2; exceeds the  neutron f luence thresh-  
o l d  f o r  IASCC,  t he  t o t a l  e longat ions  were 11.2, 7.3, 16.7 and 20.5% f o r  the  304, 304L, 316, and 316NG. 
r e s p e c t i v e l y  and the  reduc t ions  o f  area were 32.3, 35.7, 47.9 and 40.3% f o r  t he  same s tee ls ,  r espec t i ve l y .  
The y i e l d  s t reng ths  had increased t o  about 650 MPa. A l l  s t ee l s  showed s i g n i f i c a n t  IASCC i n  p o s t - i r r a d i a -  
t i o n  constant  extension r a t e  t e s t s  i n  288°C water, w i t h  t he  304L s t e e l  showing evidence of IASCC a t  a f l u -  
ence o f  8.3 x IOzo n/cm2; I A S C C  was n o t  apparent i n  t he  o the r  s t e e l s  u n t i l  a f luence o f  2.1 x l o z 1  nlcm2. 
The t o t a l  e longat ion  and reduc t i on  o f  area f o r  t he  304L s t e e l  was 20 and 47.3%. respec t i ve l y ,  a t  t h i s  f l u -  
ence; thus the  toughness was grea ter  than t he  o the r  s t e e l s  a t  t he  onset of IASCC.  Therefore, I A S C C  does 
n o t  appesr t o  be d i r e c t l y  r e l a t e d  t o  a decrease i n  toughness. 
hardening and toughness o f  s t a i n l e s s  s tee l s  i r r a d i a t e d  a t  !@C and 300°C are  n o t  expected a l though f o r  31655 
i r r a d i a t e d  t o  low f luence i n  R-NS 11, k i n i s c h  e t  a l .  (21)  observed a f a c t o r  o f  f i v e  d i f f e rence  i n  the  
y i e l d  s t r eng th  inc rease a t  90°C r e l a t i v e  t o  290°C. A separate eva lua t i on  of r a d i a t i o n  hardening and 
embr i t t lement  i s  n o t  necessary t o  assess IASCC f o r  I T E R  design cons idera t ions  i f  p o s t - i r r a d i a t i o n  s t r ess-  
co r ros i on  t e s t s  a re  conducted. 

Ma te r i a l  Recomnendations 

Changes i n  t he  n i t r i t e  t o  n i t r a t e  r a t i o  can occur as a r e s u l t  of r a d i o l y s i s .  An example of a 3- fo l d  

A t  a gamma-flux of 2 x 105 rad /h  t he  n i t r i t e  t o  n i t r a t e  r a t i o  remained f a i r l y  constant  
Van Konynenburg exp la ined  these d i f f e rences  as being due t o  the  c a t a l y t i c  a c t i v i t y  of the  rock  

The case f o r  h igh  p u r i t y  water probably 

r a t i o  w i t h  t ime i n  e i t h e r  the  l ow- f l ux  o r  h i g h e r - f l u x  ( 2  x 10 2 r a d l h )  experiments. The obvious concern f o r  

Corrosion and s t ress- cor ros ion  experiments o f  

S i g n i f i c a n t  d i f ferences i n  the  r a d i a t i o n  

Based on our  present  understanding o f  SCC and I A S C C  o f  a u s t e n i t i c  s t a i n l e s s  s tee l s  i n  aqueous env i ron-  
ments, i t  i s  poss ib l e  t o  make the  f o l l o w i n g  recommendations regard ing  the  s e l e c t i o n  and f a b r i c a t i o n  o f  com- 
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ponents f o r  an ITER t y p e  r e a c t o r :  

1. Use a low-carbon grade a u s t e n i t i c  s t a i n l e s s  s t e e l ,  c e r t i f y  m a t e r i a l  chemis t ry  
p r i o r  t o  f a b r i c a t i o n .  

Use p roper  weld procedures as determined by t h e  LWR i n d u s t r y .  

S p e c i f y  a s t e e l  w i t h  t h e  lowes t  p o s s i b l e  P, S, and S i  i m p u r i t y  concen t ra t ions .  

2. 

3. 

4. M a i n t a i n  s t r i c t  water  chemis t ry  c o n t r o l  f o r  oxygen, c h l o r i d e s ,  s u l f u r  compounds, e t c .  

5. T r a n s i e n t  c o n d i t i o n s  ( temperatures,  s t resses ,  wa te r  chemis t ry )  exacerbate SCC; 
dev ise  s ta r tup lshu tdown procedures t h a t  m in im ize  these e f f e c t s  ( i n p u t  f rom those  
i n  t h e  LWR i n d u s t r y  would be v e r y  u s e f u l  t o  h e l p  d e f i n e  these procedures) .  

E l i m i n a t e  t h e  presence of c r e v i c e s  and g a l v a n i c  couples.  

M in im ize  sur face  damage caused by g r i n d i n g  and p i t t i n g  d u r i n g  m a t e r i a l  c l e a n i n g  and c o l d  
work and r e s i d u a l  s t r e s s  caused by f a b r i c a t i o n  processes such as weld ing.  

6. 

7. 

FUTURE DIRECTION 

Continued e v a l u a t i o n  of c r i t i c a l  i ssues  i n  t h e  SCC and I A S C C  of f u s i o n  r e a c t o r  m a t e r i a l s  i s  planned, as 
a r e  s t r e s s- c o r r o s i o n  t e s t s  i n  wa te r  and aqueous- sal t  coo lan ts  and a g a m a- f l u x  of 105 r a d l h .  
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CORROSION AND ClMPATIBILITY STUDIES I N  FLOWING LITHIUM ENVIROIMENTS - 
0. K. Chopra, A. 6. Hul l .  and 0. L. k i t h  (Argonne Nat iona l  Laboratory)  

OBJECTIVE 

The o b j e c t i v e  of t h i s  prograln i s  t o  i n v e s t i g a t e  t h e  i n f l uence  o f  a f low ing  l i t h i u m  environment on t h e  
co r ros i on  behavior  and mechanical p rope r t i es  of s t r u c t u r a l  a l l o y s  under cond i t i ons  of i n t e r e s t  fo r  f us i on  
reac to rs .  Corrosion ra tes  a re  determined by measuring weight  change and depth o f  pene t ra t i on  of i n t e r n a l  
co r ros i on  as a f unc t i on  of t ime, temperature, and l i q u i d  metal p u r i t y .  These measurements, coupled w i t h  
meta l lograph ic  eva lua t i on  of t h e  a l l o y  surface, a re  used t o  e s t a b l i s h  t h e  mechanism and r a t e - c o n t r o l l i n g  
processes of t he  co r ros i on  react ions.  Studies o f  t h e  long- term environmental e f f e c t s  on mechanical 
p r o p e r t i e s  focus on nonmeta l l i c  element t r a n s f e r  and sur face  react ions.  

SUMMARY 

A new experimental f a c i l i t y  has been cons t ruc ted  f o r  i n v e s t i g a t i n g  t h e  corrosionJmass t r a n s f e r l d e p o s i t i o n  
mechanisms t h a t  are a n t i c i p a t e d  when l i q u i d  l i t h i u m  i s  used as a t r i t i u m  breeding ma te r i a l  f o r  f us i on  
reactors.  

PROGRESS AND STATUS 

I n t r o d u c t i o n  

To date, s tud ies  on t h e  co r ros i on  behavior  of s t r u c t u r  1 ma te r i a l s  i n  l i q u i d  l i t h i u m  systems have focused on 
e f f e c t s  o f  t ime, temperature, and l i q u i d  metal purity.'-3 The r e s u l t s  i n d i c a t e  t h a t  mass t r a n s f e r  and 
depos i t i on  most l i k e l y  w i l l  determine t h e  maximum ope ra t i ng  temperature o f  l i q u i d  l i t h i u m  b lanke t  systems. 
Ava i l ab le  data a re  i n s u f f i c i e n t  t o  quant i f y  t he  in f luence o f  add i t i ona l  system parameters on cor ros ion .  
These a d d i t i o n a l  parameters inc lude  f low v e l o c i t y ,  system temperature g rad ien t   AT^, magnetic f i e l d ,  
b i m e t a l l i c  system e f f e c t s ,  and surface areal temperature p r o f i l e .  Previous s tud ies  s 5  t h a t  examined v e l o c i t y  
e f f e c t s  i n  a forced c i r c u l a t i o n  loop  were conducted on Type 316 S S  i n  a u s t e n i t i c  s t a i n l e s s  s tee l  loops. 
Cor ros ion  da ta  i n d i c a t e  t h a t  chemical i n t e r a c t i o n s  between a l l 0  elements and n i t r o g e n  i n  l i t h i u m  p l a y  a 
dominant r o l e  i n  t h e  d i s s o l u t i o n  behavior  of a u s t e n i t i c  steels.' Consequently, t h e  v e l o c i t y  e f f e c t  da ta  
obta ined f o r  a u s t e n i t i c  s t a i n l e s s  s tee l s  may no t  be rep resen ta t i ve  of o ther  s t r u c t u r a l  mater ia ls .  Also 
in fo rmat ion  on t h e  e f fec ts  o f  AT on co r ros i on  o f  s t r u c t u r a l  ma te r i a l s  i s  very l i m i t e d .  Add i t i ona l  work i s  
needed t o  c l e a r l y  e s t a b l i s h  t h e  r e l a t i v e  e f f e c t s  of system parameters on corrosion/mass t r a n s f e r  i n  l i t h i u m  
b lanke t  s t ruc tu res .  

Th i s  r e p o r t  descr ibes  a new experimental f a c i l i t y  f o r  i n v e s t i g a t i n g  t h e  corros ionlmass t r a n s f e r l d e p o s i t i o n  
mechanisms a t  c h a r a c t e r i s t i c  v e l o c i t i e s  and system temperatures and f o r  q u a n t i f y i n g  t he  i n f l uence  o f  t h e  
system parameters mentioned above. 

Experimental c a p a b i l i t y  o f  t he  new t e s t  f a c i l i t y  

The new Argonne L i t h i u m  Corrosion Experiment (ALICE), which i s  cons t ruc ted  o f  f e r r i t i c l m a r t e n s i t i c  s t e e l  
(Fe-9Cr-1Mo. ASTM P9 A355), s imulates cond i t i ons  p ro j ec ted  f o r  a l i q u i d  metal heat t r anspo r t  system. A L I C E  
can be used t o  assess var ious  containment ma te r i a l s  i n  t e r m  o f  t h e i r  co r ros i on  ra tes ,  mass t r a n s f e r ,  and 
m a t e r i a l  depos i t i on  a l l  as f unc t i ons  of t ime,  temperature, v e l o c i t y ,  AT, and l i t h i u m  p u r i t y  cond i t ions .  
Candidate containment ma te r i a l s  t o  be i nves t i ga ted  i nc l ude  vanadiun a l l o y s  and f e r r i t i c  s tee ls .  

The c a p a b i l i t i e s  of t h e  e x i s t i n g  ANL fa t i gue  and f a i l u r e  t e s t i n g  l oop  (FFTL-3) f o r  co r ros i on  s tud ies  i n  
l i t h i u m  and l i t h i u m l l e a d  environments a re  l i m i t e d  t o  l o w  v e l o c i t i e s  (Table 1 ) .  a t  which c i r c u l a t i o n  p rov ides  
on l y  f o r  i m p u r i t y  c o n t r o l  of t he  l i q u i d  metal.  The new t e s t  f a c i l i t y  provides experimental c a p a b i l i t y  f o r  
i n v e s t i g a t i n g  v e l o c i t y  e f f e c t s  on t h e  corros ionlmass t r a n s f e r l d e p o s i t i o n  processes i n  l i q u i d  metal systems. 

The new t e s t  f a c i l i t y  cons is ts  o f  two counter f low pr imary  loops (Fig,  1) .  I n  Loop 1, l i t h i u m  i s  c i r c u l a t e d  
from t h e  supply vessel t o  t h e  i nne r  specimen chambers o f  t h e  two annular  t e s t  sec t ions  ( A  and 8) and back t o  
t h e  supply vessel.  I n  t e s t  sec t i on  A, l i t h i u m  i s  heated t o  t he  maximum loop  opera t ing  temperature; i n  t e s t  
sec t i on  B, i t  i s  cooled. 
sect ions,  and a l ow- ve loc i t y ,  isothermal  t e s t  sect ion.  The l i t h i u m  supply t o  t h e  isothermal  t e s t  sec t i on  i s  
through a heat  exchanger which can be used t o  change t h e  maximum temperature o f  t e s t  sec t ions  A and 8. A 
secondary loop, o r  l i t h i u m  p u r i f i c a t i o n  loop, cons i s t s  o f  t he  supply vessel,  a counter f low heat exchanger 
e x i t i n g  from t h e  supply vessel t o  reduce t h e  l i t h i u m  temperature, and a c o l d  t rap .  
u t i l i z e  two i n d u c t i o n  pumps i n  se r i es  t o  p rov ide  t he  des i red  h igh v e l o c i t i e s .  
t h e  secondary loop.  

Loop 2 inc ludes  t h e  supply vessel,  t h e  ou te r  chambers o f  t h e  two annu la r  t e s t  

The pr imary loops  each 

The d e t a i l s  regarding t he  design c a l c u l a t i o n s  and s t r a t e g i e s  a re  presented elsewhere. 
A s i n g l e  pump i s  p rov ided f o r  
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Table 1. Comparison of New Test F a c i l i t y  with E x i s t i n g  ANL FFTL-3 LOOP 

Parameter ALICE FFTL-3 

S t r u c t u r a l  ma te r i a l  Fe-9Cr-1Mo (ASTM-PI) A355) Type 304 SS ( a u s t e n i t i c )  
F e r r i t i c  

To ta l  Volume o f  l i th ium ( I )  26 20 

Primary loop forced c i r c u l a t i o n ,  two 
counterf low loops 

forced c i r c u l a t i o n ,  s i ng le  loop 

Estimated l i t h i u m  v e l o c i t y  (Cm/S) 1 - 60 - 1  

c o l d  t r a p  and magnetic t r ap  Secondary loop c o l d  t r a p  

Experimental c a p a b i l i t i e s  corrosion/mass t rans fe r /  corrosion/mechanical t e s t i n g  
deposi t i o n  

two t e s t  sect ions w i t h  AT two isothermal t e s t  sect ions 
dynamic and an isothermal  
t e s t  sec t ion  

Specimen exposure l oca t i ons  

Test sec t i on  leng th  (m) 1.3 0.15 

Maximum temperature ('C) 550 550 

Minimum temperature ('C) 210 (co ld  t r ap )  210 ( co ld  t r a p )  

The elemental composi t ion of t h e  Fe-9Cr-1Mo stock ( rod,  p l a te ,  and p i p e  sec t ions) ,  determined by 
spectrochemical analyses and confirmed by microprobe analyses a t  ANL i s  presented i n  Table 2. I n  two cases, 
i t  was necessary t o  s u b s t i t u t e  a l t e r n a t e  s t r u c t u r a l  a l loys .  Since ferromagnetic ma te r i a l s  cannot be used i n  
t h e  e lectromagnet ic  pumps and i n  t h e  magnetic flowmeters. A I S 1  Type 304 s tee l  was used i n  these sect ions.  
Also, a comnerical f e r r i t i c / m a r t e n s i t i c  s t e e l  (Type 4-3: Fe-12Cr) was used f o r  t h e  heat exchanger i n  t h e  
secondary loop. I n  both cases, t he  a l t e r n a t e  ma te r i a l s  a re  l oca ted  i n  t h e  low- temperature regions o f  t he  
system. 

The welds of Fe-9Cr-1Mo were produced w i t h  t h e  gas tungsten- arc (GT4) process w i t h  f i l l e r  i na te r i a l  o f  t h e  
same composi t ion (AWS c l a s s i f i c a t i o n  ER505).  
732°C f o r  1 /2  t o  1 h and t hen  a i r  cooled. 
dye penetrant  t es t i ng ,  hel ium leak  t e s t i n u  of ma.ior welded comoonents (vessels.  heat  exchanoers. c o l d  

A l l  welds were subjected t o  postweld heat t reatment  (PWHT) a t  
A f te r  PWHT and coo l ing ,  t h e  q u a l i t y  of weld ing was confirmed by 

t r a p s ) ,  and n o n d e s t r i c t i v e  radiography. 
s a t i s f a c t o r y  q u a l i t y  assurance. 

in several  cases, repiacement'welds were requ i red  t o  o b t a i n  

Th i s  s ta te- o f- the- a r t  t e s t  f a c i l i t y  w i l l  p rov i de  l i t h i u m  t e s t  f l ow  v e l o c i t i e s  t o  0.6 mfs, temperatures t o  
550°C, and system ATs up t o  15OOC. 
moni tored by d i f f e r e n t  techniques. 
i s  moni tored by e q u i l i b r a t i n g  y t t r i u m  samples i n  l i t h i u m  and us ing  t he  repor ted  da ta  on t he  d i s t r i b u t i o n  
c o e f f i c i e n t  o f  hydrogen between y t t r i u m  and l i t h i u m .  
immersed i n  the  L i  stream t o  form a surface n i t r i d e  and a l s o  by d isso lved  g e t t e r s  such as calc ium metal .  

There i s  a s t r ong  i n d i c a t i o n 9  t h a t  t he  c o l d  t r a p  a s s i s t s  i n  t h e  c o n t r o l  o f  carbon below t h e  upper 
concent ra t ion  l i m i t s  imposed by temperature-dependent s o l u b i l i t y  cons t ra i n t s .  In t he  c o l d  t r a p  region, t he  
two a d d i t i o n a l  valves (Fig.  1 )  a re  inc luded f o r  i n s t a l l a t i o n  o f  a magnetic t r a p  o r  a l i t h i u m  sampling 
apparatus. 

The major  nonmeta l l i c  impu r i t i es ,  N, C, and H are  c o n t r o l l e d  and 
A hydrogen meter i s  i n s t a l l e d  i n  t h e  i so thermal  &es t  vessel.  Hydrogen 

N i t rogen i s  c o n t r o l l e d  by h o t  g e t t e r i n g  w i t h  T i  f o i l s  

Loop ope ra t i on  

ALICE w i l l  be operated over a range o f  temperatures and l i t h i u m  f l ow  ra tes .  
temperatures and f l ow  v e l o c i t i e s  i n  t he  l oop  (Fig.  1 )  can be ad jus ted  by vary ing  t he  heat i npu t  on t he  
supply vessel and t h e  two t e s t  sect ions.  and by a d j u s t i n g  t h e  f low i n  t h e  d i f f e r e n t  loops w i t h  t h e  f i v e  
i nduc t i on  pumps. A comparison between t he  design parameters of t he  new system and t he  e x i s t i n g  FFTL-3 loop  
i s  g iven i n  Table 1. 

The abso lu te  and d i f f e r e n t i a l  
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ARGONNE LKHlUM CORROSION EXPERIMENT (ALICE) 

F l L i  
LINE ? 

Fig.  1. I somet r i c  view o f  t h e  f o r c e d- c i r c u l a t i o n  L i  l oop  ALICE. 

Four specimen sample po r t s  a re  present i n  t h e  f a c i l i t y :  two i n  t he  isothermal  t e s t  vessel and one i n  each 
of t h e  two t e s t  sect ions.  
atmosphere from t h e  environment. 

The ma te r i a l  samples t o  be immersed i n  t h e  l i t h i u m  a re  conta ined i n  a specimen holder .  
rods a l l ow  i n s e r t i o n  and removal of t h e  specimens and sheath tubes. The c y l i n d r i c a l l y  shaped t e s t  specimens 
are  stacked i n  a v e r t i c a l  column (Fig.  1 )  t o  c rea te  a cont inuous tube. 
maximized by f l ow  through t he  annulus between t he  t e s t  specimens and t he  i nne r  chamber o f  t e s t  sec t ions  A 
and 6. 

Dur ing  long- term co r ros i on  experiments, chemical and m e t a l l u r g i c a l  changes i n  t h e  t e s t  specimens are  
evaluated by o p t i c a l  and scanning e l e c t r o n  microscopy and by weight l o s s  measurements. 
weighed and evaluated a t  we l l - de f ined  i n t e  a l s ,  and t h e  co r ros i on  r a t e  constants and mechanisms a re  
analyzed by means of t he  XLRATE algori thm."  The chemif f l  p u r i t y  o f  t he  l i t h i u m  i s  a l so  evaluated as a 
f u n c t i o n  of t ime by means of o the r  chemical a lgor i thms.  

CONCLUSIONS 

A new l i t h i u m  corros ionlmass t r a n s f e r  t e s t  f a c i l i t y ,  which i s  cons t ruc ted  o f  f e r r i t i c l m a r t e n s i t i c  s t e e l  
(Fe-9Cr-lMo1, s imu la tes  cond i t i ons  p ro j ec ted  f o r  a l i q u i d  metal heat t r a n s p o r t  system. 
p rov ides  t e s t  v e l o c i t i e s  t o  0.5 mls, temperatures t o  550°C, and system ATs up t o  150°C. 

Every sample p o r t  has a double va lve  arrangement t o  i s o l a t e  t h e  l i t h i u n - a r g o n  

Threaded r e t r a c t i o n  

L i t h i u m  f l ow  v e l o c i t i e s  a re  

The specimens are  

The t e s t  f a c i l i t y  
The c o r r o s i o n  t e s t  
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Table 2. Elemental Composition (ut%) of  S t r u c t u r a l  Ma te r i a l s  Used i n  t he  Fab r i ca t i on  of New Test F a c i l i t y  

S t r u c t u r a l  Ma te r i a l  

1.25" OD HEX 
0.75' 00 I n t e r i o r  on 3" OD 8" 00 

0.38" OD Test Sec t ion  Isothermal SUPPlY S t a t i c  
ELEMENT Tube I n t e r i o r  Test Vessel Vessel Test Vessel 

C 0.16 0.16 0.10 0.14 0.12 

Mn 0.58 0.47 0.54 0.42 0.32 

s i  0.45 0.30 (0.27) 0.22 (0.87) 0.23 (0.74) 0.33 

P 0.024 0.29 0.29 0.024 0.21 

S 0.015 0.32 0.016 0.019 0.28 

N i  0.18 0.16 0.18 0.24 (0.28) 0.22 (0.27) 

C r  8.41 8.13 (8.79) 8.35 (8.28) 8.35 (8.63) 8.23 (8.72) 

Mo 0.98 0.82 (0.76) 0.96 (1.08) 0.93 (1.16) 0.94 (0.81) 

N 0.0421 0.0337 0.0264 0.0269 0.0399 

Fe 88.74 89.49 (88.18) 89.26 (87.76) 89.01 (87.30) 89.54 (89.03) 

*Determined by spectrochemical analyses, and confirmed by microprobe analyses (values i n  parentheses). 

r eg ion  s imu la tes  a fus ion  r e a c t o r  b lanke t  r eg ion  w i t h  a low i n l e t  temperature and a h i ghe r  (AT-150°C) o u t l e t  
temperature. Test  specimens i n  t h e  depos i t i on  reg ion  p rov ide  a measure o f  t h e  depos i t i on  processes t h a t  
occur  i n  a heat  exchanger as t h e  l i q u i d  metal i s  cooled (AT-15O0C). I n  a d d i t i o n  t o  temperature and f l ow  
con t ro l ,  t n e  f a c i l i t y  p rov ides  f o r  c o n t r o l  and mon i to r ing  of i m p u r i t i e s  i n  t h e  l i q u i d .  

FUTURE WRK 

Shakedown t e s t s  w i l l  be conducted t o  e s t a b l i s h  l i q u i d  metal p u r i t y  and t h e  l oop  ope ra t i ng  cond i t i ons ,  eg., 
v e l o c i t y  and t e s t  sec t i on  AT. The concent ra t ions  of nonmeta l l i c  i m p u r i t y  elements w i l l  be moni tored and 
minimized. 
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MECHANICAL PROPERTIES OF SOLID BREEDER MATERIALS - C. Y. mu,* R. 8. Poeppel, J. P. Singh, and K. C. Goretta 
(Argonne National Laboratory) 

OBJECTIVE 

The objectives of this program are to characterize the room-temperature mechanical properties and high- 
temperature creep properties of selected lithium ceramics. 

SLMMARY 

Room temperature strength, fracture toughness. Young's modulus, and thermal-shock resistance were 
determined for 68 to 98% dense lithium orthosilicate (Li4Si04) specimens. 
strength and fracture toughness were controlled by the density of the specimen. At high density, the 
strength depends on graiin size. Young's modulus values ranged from 30 to 103 GPa for densities ranging 
from 68 to 98% TD. A critical quenching temperature difference in the range of 150 to 1lO'C was observed in 
thermal-shock tests of bar speciimens. 
at T 8OO'C before reaching steady State and deforms plastically at above 9OO'C. 
creep-resistant than Li20, about equal to LizZrOj, and less creep-resistant than LiA102 and Li2SiO3. 

In the low-density regime, both 

Steady-state creep tests indicated that 90% dense Li4Si04 fractures 
At 9OOpC, it is more 

PROGRESS AND STATUS 

Introduction 

Lithium-bearing ceramics are being considered as blanket materials for the breeding of tritium in 
fusion power reactors. 
lithium content and high stability relative to other $ithium-containing ceramics. 
and toughness and high-temperature creep resistance are important properties relative to installation and 
operation of breeder blankets, and are therefore essential for designing an efficient blanket. 

Experimental procedures 

sinterej at between 900 and IOOO'C to obtain rectangular bars (49 x 6 x 3 mm) and cylindrical pellets (D - 
3.6 mm, L = 5.0 mm) for mechanical tests. The sintering schedule, sintered density, grain size, and elastic 
modulus for five batches of Li4Si04 are listed in Table 1. 

Lithium orthosilicate (Li4Si0 ) is a potential breeder material because of its high 
Room temperature strength 

Li Si04 powder was synthesized by the solid-state reaction of lithium oxide with amorphous silica, and 

Table 1. Sintering schedule, sintered densities, average grain size, 
and elastic modulus for five batches of L i q S i 0 4  

Sintering Hold Elastic 
Temp. Time Densitg Average Grain Nodulus 

Batch ('CP (h) ( X  TD) Size Cum) (CPa) 

B1 900 0 be 4 38.2 

82 950 0 11 5 57. I 
B3 1000 0.15 93 10 103.2 

B4 1000 4 98 25 82.8 

85 I000 8 96 50 94.9 

rate was 100'CIh. 
3 bTheoretical density of LiqSi04 was taken to be 2.39 glcm . 

&-sintered rectangular bars with various densities and grain sizes were subjected to flexural strength 
and fracture toughness tests. Flexural strength was measured in the four-point bending mode with an Instron 
testing machine. The support span was 44 mm, the loading span was 22 mm, and the crosshead speed was 
1.21 mmlmin. 
width of 0.6 mm. The specimens were ground to a surface finish of 6000 grit. Elastic modulus was deter- 
mined by ultrasonic velocity measurement. 

Fracture toughness was measured by the single-edge notched beam (SENB) technique with a notch 

Thermal-shock resistance was determined by measuring the flexural 

*Work performed in partial fulfillment of requirements for M.S. degree, I l l i n o i s  Institute of Technology, 
Chicago, IL 60616. 
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strength of 49 x 6 x 3-m specimens before and after quenching from various high temperatures into silicone 
oil at room temperature. 

High-temperature constant-strain-rate (CSR) tests were performed in a 99.9% argon gas atmosphere in 
direct compression with an Instron Model 1125 universal testing machine. 
heated to temperatures ranging from 750 to 1025°C (0.67 to 0.86 Tm, wh re T 
Kelvin) and subjected to strain rates ranging from 5 x 
were weighed and their dimensions measured immediately upon removal from the apparatus in order to determine 
whether the density changed during testing. 

Results and discussion 

90% dense cylindrical pellets were 
is the melting temperature in 

to 2 x IOJ 6-l: After the CSR test. specimens 

Figure 1 shows the flexural strength, and Fig. 2 the fracture toughness, of LihSiO4 as a function of 
density and grain size. 
primarily controlled by the density of the specimen. 
to 58 MPa as the density increased from 68 to 90% TD. The corresponding increase in fracture toughness was 
observed to be from 0.6 to 1.1 MPa6. 
increasing grain size. The critical stress intensity factor KIC for an SENB specimen can be related to the 
critical applied stress ac by KIC = uc(a )'/2Y(a/W), where Y is a dimensionless constant which depends on 
the geometry of the loading and the crack configuration, a denotes notch depth, and W denotes sample width 
for a four-point bend specimen. 
by using the above equation far specimens with densities of up to 93% TD. This suggests that the critical 
flaw size does not change with density in the range from 68 to 93% TD (grain s i z e  from 4 to 10  urn). 
Young's modulus of Li4Si04 ranged from 38.2 to 103.2 CPa for densities between 68 and 93% TO and, as 
expected, decreased with increasing porosity for specimens in the range from 68 to 93% TD. 

In the low-density (up to 90% TD) regime, the strength and toughness of Li4Si04 are 
The flexural strength was observed to increase from 3 3  

For high-density specimens 090% TD), the strength decreases with 

It was observed that the strength could be correlated to fracture toughness 

The 

The results of thermal-shock experiments, shown in Fig. 3 ,  indicate that the strength of the material 
is not degraded for values of quenching temperature difference (AT) up to 150°C. 
150 to 170°C, the strength decreased sharply from 85 MPa to a value of 10 MPa, after which it remained 
constant with further AT increase (up to 300-C). This strength behavior as a function of AT is consistent 
with the prediction of the fractural-mechanical theory for thermal shock developed by Hasselman. 

At a critical value ATc = 

In high-temperature steady-state creep tests, 90% dense specimens fractured at 8OO'C and below before 
reaching steady state. For tests above 900'C in which fracturing did not occur, a clear eteady-state Stress 
us was established. 
deformation. For polycrystalline materials, the steady-state strain rate for a given temperature is usually 
proportional to d', where n is a characteristic exponent corresponding to the dominant creep mechanism. The 
stress exponent n can be obtained by plotting In (strain rate) vs In as and was determined to be 3.6 at 
temperatures above 950'C, and to increase with decreasing temperature. This phenomenon may be a consequence 
of the transition from extrinsic to intrinsic control of deformation. The steady-state flow stress measured 
at 900'C for Li  S i04  can be compared with those of other lithium-containing ceramics which are being 
considered for $usion blankets. 
resistant to plastic flow than is Li20, about equal to Li2ZrOj, and less resistant than LiA102 and 
L i 2 S i 0 3 .  

It was found that no appreciable grain growth or densification occurred during 

As shown in Fig. 4 ,  for a temperature of 900'C. 90% dense Li4Si04 is more 

(The value of flow stress for LiAIOZ is interpolated from data at 800 and IOOO'C.) 

CONCLUSIONS 

1. In the low-density regime, both the flexural strength and toughness of Li4Si0 
density of the specimen. 
1.1 MPaG, respectively, as the density increased from 68 to 93% TD. 

The thermal-shock experiment indicated a critical quenching temperature difference in the range of 150 
to 170'C. 

At temperatures of 800'C and lower, Li4Si04 fractured without exhibiting appreciable plasticity when 
deformed at slow strain rates. 

Steady-state creep tests suggested that the deformation of 90% dense LiqSiO4 is controlled by 
dislocation climb at 900'C. 
about equal to L i 2 Z r 0 3 ,  and less resistant than LiA102 and Li2Si03. 
stress exponent n increases with decreasing temperature. 
extrinsic to intrinsic control of deformation. 

were controlled by the 
The strength and fracture toughness increased from $ 3  to 58 MPa and 0 .6  to 

2. 

3. 

4. 
At this temperature, L i 4 S i 0 4  is more resistant to plastic flow than Li20, 

For temperatures below 950'C. the 
This may be a consequence of transition from 

FUTURE WORK 

No more experimental w rk will be done on this project. The completed work will be the subject of four 
I -e conference presentations. 
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ADSORPTION, DISSOLUTION, AND DESORPTION CHARACTERISTICS OF THE LiA102-H20 SYSTEM 
A lber t  K. Fischer and Carl E. Johnson (Argonne National Laboratory) 

INTRODUCTION 

Adsorption of H20, d i sso lu t i on  of OH-, and ra tes  of evo lu t ion of HZD(g) are being measured f o r  the 
LiAlDZ-H20(g) system t o  provide thermodynamic and k i n e t i c  data f o r  these processes f o r  LiA102, a candidate 
fo r  a t r i t i u m  breeder i n  fusion reactors. Such data r e l a t e  t o  the issues of t r i t i u m  re tent ion and release, 
and, hence, t o  concerns about t r i t i u m  inventory i n  ceramic t r i t i u m  breeder mater ia ls.  The informat ion w i l l  
enable (1) conparison of candidate breeder mater ia ls,  ( 2 )  ca lcu la t i on  o f  operating condit ions, and ( 3 )  
eluc idat ion o f  the p r i n c i p l e s  under ly ing the behavior o f  t r i t i u m  i n  breeder mater ia ls.  

The mst recent correct ions have been appl ied t o  the isotherms fo r  H20 adsorption and OH- s o l u b i l i t y  on and 
i n  LiAlO for  the temperatures of 400, 500, and 600OC. 
d isso lu t fon process tha t  proceeds simultaneously w i th  adsorption. For s o l u b i l i t y ,  the correct ions are fo r  
residual  hydroxide corresponding t o  baseline condit ions. The observed higher degree o f  adsorption a t  500OC 
compared w i th  t h a t  a t  4000C i s  t o  be understood as r e f l e c t i n g  two chemisorption processes w i th  d i f f e r e n t  
ac t i va t i on  energies. An a tomis t ic  basis fo r  the d i s t i n c t i o n  i s  given. S o l u b i l i t y  decreases w i th  r i s i n g  
temperature. 

For adsorption, these correct ions are f o r  the 

RESULTS AND DISCUSSION 

Adsorption measurements are made by the f ronta l  analysis technique of gas chromatography and s o l u b i l i t y  data 
are provided by measurement of the uptake of HZO(g) a f t e r  the adsorption i s  finished. The technique has 
been described i n  e a r l i e r  reports.  

U n t i l  now. the working assumption i n  the analysis of the adsorpt ion-dissolut ion curves has fol lowed the 
c o m n  dictum tha t  the adsorption process i s  considerably mare rap id  than the d i sso lu t i on  process. 
resu l t ,  only a neg l i g ib le  con t r i bu t ion  was expected from d isso lu t i on  t o  the apparent quant i ty  o f  adsorbed 
H20(g). Despite th i s ,  f o r  h igh temperature systems such as those being studied, i n  which d i f f u s i o n  can become m r e  rapid, i t  was 
considered worth t e s t i n g  the assumption. One way would be t o  repeat the measurements w i th  a sample o f  
d i f f e r e n t  surface t o  volume r a t i o .  
e f for t ,  there would a r i se  questions of accurate reproduction of a l l  o ther  factors tha t  might be i n f l u e n t i a l :  
f o r  example, m r e  mater ia l  o f  d i f f e r e n t  p a r t i c l e  s ize from the same batch i s  not avai lable.  

As a 

The observed sharpness o f  the breakthrough po in ts  has tended t o  support t h i s  view. 

However, i n  add i t ion t o  such a course being expensive i n  terms of 

Another way t o  u t i l i z e  the k i n e t i c  information contained i n  the e x i s t i n g  data t o  assess the d i f fus iona l  
cont r ibut ion.  A procedure t o  do t h i s  was devised. 
over the time i n t e r v a l  imnediately a f t e r  adsorption and a t  l eas t  equal i n  length t o  the adsorption time. 
The r e s u l t i n g  expression f o r  the d i sso lu t i on  r a t e  i s  then used t o  ca lcu la te  the amount o f  d i sso lu t i on  
occurr ing dur ing the adsorption period. 
the t ime of sample in jec t i on .  
the point- by-point  readings of the water analyzer. These cor rec t ions are f o r  the response curve of the 
water analyzer i n  the "step-up" mode of a measurement. 
f o r  the various f low ra tes  used i n  the measurements. An i n i t i a l  spot-check of the runs showed t h a t  the 
d i sso lu t i on  cor rec t ion was indeed s ign i f i can t .  Therefore, each one of the previously reported runs was 
reanalyzed according t o  t h i s  approach. 
degree of adsorption and t o  increase the previously stated s o l u b i l i t i e s .  

It involves f i t t i n g  an equation t o  the d i sso lu t i on  curve 

I n  e f fec t ,  the procedure i s  t o  back-extrapolate the d i sso lu t i on  t o  
I n  order t o  apply t h i s  procedure, i t  i s  necessary t o  supply a cor rec t ion f o r  

The necessary data were gathered and t h i s  was done 

The ef fect  of the cor rec t ion i s  t o  diminish the previously stated 

New data fo r  the adsorption and s o l u b i l i t y  isothenns f o r  600OC (873 K) are included i n  the analysis together 
w i t h  the e a r l i e r  data fo r  400OC (673 K) and 500°C (773 K) .  
analysis i n  the manner described above, i t  appeared tha t  the degree o f  adsorption a t  600OC i s  less  than a t  
the two lower temperatures. 
f ind ing tha t  adsorption a t  500OC was apparently greater than a t  400OC. Addi t ional  experimental evidence was 
sought i n  t h i s  per iod t o  resolve t h i s  point .  
5000C were made a t  c lose ly  s i m i l a r  p a r t i a l  pressures of H20(g) and i n  pa i r s  c lose ly  spaced i n  t ime (w i th in  a 
day). The resu l t s  reinforced the e a r l i e r  conclusion about greater adsorption a t  5OO0C than a t  400%. 
new data and the e a r l i e r  data were pooled. 
the 400 and 500OC isotherms i s  w e l l  understood and i s  developed below. 

From the raw data, before r e f i n i n g  the data 

This t rend i s  not  surpr is ing,  but there remained the e a r l i e r  coun te r- in tu i t i ve  

Two addi t iona l  measurements of adsorption a t  400oC and a t  

The 
The ra t i ona le  fo r  the apparently inver ted re la t i onsh ip  between 

Figure 1 shows the adsorption isotherms f o r  400, 500, and 6000C a f t e r  the data po in ts  were corrected f o r  
d isso lu t ion.  For c l a r i t y  o f  the re la t ionsh ips  o f  the isotherms t o  each other, they are coplot ted wi thout 
data points. The curves repor t  the f rac t ion o f  the surface, 8 ,  covered by OH- as a funct ion of p a r t i a l  
pressure of H20(g), ~ ~ 2 0 .  The isotherms are o f  the Freundlich type, as reported ea r l i e r .  The 400OC and 
the 600OC isotherms are near ly  p a r a l l e l ,  w i th  the respective regression equations being: 
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log8 = (0.593+ 0.141) t (0.517+0.182)10g(pH 0) 
2 

and 

log8 = (0.37620.113) t (0.593+0.157)1Og(PH 0) 
2 

The 500% isothenn i s :  

log8 (0.055+0.018) t (0.359~0.024)10g(PH 0) 
2 

The apparently anomalous observation o f  h igher adsorption a t  a higher temperature i s  a f a i r l y  c o m n  f ind ing 
and was explained by Taylor i n  1931 (H. S. Taylor, J. Am. Chem. SOC., 53(1931) 578). 
t ha t  f o r  some systems, experimentally measured adsorption isobars fol lowed a course l i k e  ABCD i n  Fig. 2. 
The explanation fol lows from the existence o f  two separate adsorption processes which, if they could be 
separated, would f o l l o w  the isobars ABE and FCD. 
ac t i va t i on  energy compared t o  tha t  of process ABE which could be unactivated. 
shows the expected decl ine i n  the amount adsorbed as temperature r ises.  The temperature i s  too low f o r  
process FCD t o  be appreciably ac t iva ted and i t  therefore essen t ia l l y  does not funct ion.  A t  B, the 
temperature has r i s e n  enough so tha t  s u f f i c i e n t  ac t i va t i on  energy i s  supplied t o  the process represented by 
t h e  FCD isobar f o r  t h a t  process t o  s t a r t  cont r ibut ing t o  the t o t a l  amount adsorbed. A region o f  increasing 
adsorption w i th  r i s i n g  temperature has been entered. This second process becomes increas ing ly  dominant as 
i t s  r a t e  r i s e s  w i th  r i s i n g  temperature u n t i l  the system i s  described essen t ia l l y  by i t  alone. 
adsorption again decl ines w i th  increasing temperature i n  the expected way. A c lose ly  relevant example of 
increasing adsorption w i th  r i s i n g  temperature i s  the repor t  by Gruber (J. Phys. Chem., 66(1962) 48) on the 
adsorption of H2 on q-Al203: the amount adsorbed increased by a fac to r  o f  three from 300 t o  500%. This i s  
an issue t h a t  w i l l  become m r e  relevant i n  the forthcoming measurements o f  H20 adsorption i n  the presence of 
H2- 
I n  the present case, adsorption of HZO(g) on LiA102 i s  viewed as invo lv ing two kinds o f  chemisorption. An 
atomic basis fo r  such a d i s t i n c t i o n  could be tha t  one k ind of chemisorption involves l i t h i u m  ions and 
adjacent oxides, and the o ther  k ind involves aluminum ions and adjacent oxides. Slopes of approximately 0.5 
observed fo r  the 400 and 6000C isotherms are supportive o f  d issoc ia t ive  chemisorption, i n  which one molecule 
o f  H20 forms two adjacent OH- groups. The observed lower value o f  slope f o r  the 500oC curve i s  expected i f  
add i t i ve  e f f e c t s  from an add i t iona l  process are involved. Evidence consistent w i th  two surface processes i n  
the evo lu t ion of water vapor from LiAlO was reported ea r l i e r .  
evo lu t ion curve showed a double peak a n i  was in terpre ted as showing tha t  d i f f e r e n t  kinds o f  s i t e s  were 
involved. 
adsorption, and the present s i t u a t i o n  provides on ly  one isotherm f o r  each process, conclusions on heats o f  
adsorption must await measurements o f  add i t iona l  isotherms. 

Corrected isotherms f o r  hydroxide s o l u b i l i t y  i n  LiA102 are presented i n  Fig. 3 f o r  400, 500, and 6000C. 
add i t ion t o  the correct ions o r ig ina t ing  i n  the d i sso lu t i on  occurr ing dur ing adsorption, discussed above, 
there i s  a lso  a co r rec t i on  for  residual  hydroxide tha t  was discussed i n  e a r l i e r  reports. This cor rec t ion 
accounts fo r  the hydroxide i n  equ i l ib r ium w i th  the water content o f  the gas phase under baseline condit ions. 
Applying t h i s  cor rec t ion requires,  a t  t h i s  time, an assumption about the s o l u b i l i t y  o f  LiA1508 i n  LiA102. 
I t  i s  assumed t h a t  f o r  the small amunts LiA1508 a t  issue here, the LiA1508 i s  a so lu te  i n  LiA102 ra the r  
than a separate phase. With t h i s  assumption, the expected slope i s  0.4 i n  a p l o t  o f  log(xoH-) vs  log(pH 0). 

2 
Therefore, correct ions f o r  residual  OH- were made f o r  each of the data po in ts  t o  g ive slopes o f  0.4. (If 
LiA150 were a separate phase, a slope o f  0.5 would be appropriate.) 
so lub ie i t y  a t  400, 500, and 600°C, respect ively,  are: 

I t  had been observed 

The isobar FCD r e f l e c t s  a process w i t h  a r e l a t i v e l y  high 
S ta r t i ng  from A, the system 

Then, 

During heatup a f t e r  a run, the water 

Because more than one isotherm f o r  a given process i s  needed i f  one i s  t o  ca lcu la te  heats o f  

I n  

The regression equations f o r  OH- 

1 Og (XOH-) (-2.420+0.054) t (0.4oi+o.057) 1 Og (PHZO) 

lOg(XOH-) 3 (-2.66420.128) + (0.402+0.109) 10g(pH20) 

lOg(XoH-) (-2.835tO.315) + (0.401+0.524)lOg(PH 0) 
2 

The regression l i n e s  are p l o t t e d  together i n  Fig. 3 without data po in ts  f o r  c l a r i t y  and t o  ind icate  the 
re la t i onsh ip  of s o l u b i l i t y  a t  the three temperatures. S o l u b i l i t y  i s  seen t o  decl ine w i th  increasing 
temperature. 
i n t e r p r e t  the s o l u b i l i t y  data. 
s t i l l  tenta t ive .  However, f o r  matters as they stand, the heat of so lu t ion may be estimated from these 
isotherms t o  be -5.5 kcal per mole OH-. 
shown i n  Fig. 4. 
hydroxide. 

Prel iminary f ind ings from the measurements wi th  H2 suggest tha t  there might be need t o  re-  
Further comment i s  premature, except t o  caut ion tha t  these s o l u b i l i t i e s  are 

Isobars fo r  ti20 p a r t i a l  pressure of 10-6, 10-5, and 10-4 atm are 
L inear i t y  i n  these curves supports the correct ions tha t  were applied for  residual  
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MODELING OF T R I T I U M  TRANSPORT I N  CERAMIC BREEDER MATERIALS 
J. P. Kopasz and C. E. Johnson (Argonne National Laboratory) 

OBJECTIVE 

The ob jec t ive  o f  t h i s  work i s  t o  develop a comprehensive model o f  t r i t i u m  t ranspor t  through a ceramic 
breeder mater ia l .  
t ransport  processes: such as bu lk  d i f fus ion,  g ra in  boundary d i f fus ion,  desorption, permeation and trapping, 
t o  the t o t a l  t r i t i u m  inventory and t o  the release k inet ics .  It may a lso suggest ways i n  which the t r i t i u m  
inventory can be reduced. 

The model w i l l  enable one t o  compare the r e l a t i v e  cont r ibut ions o f  the d i f f e r e n t  

A computer program fo r  t r i t i u m  release determined by d i f fus ion and desorption has been developed. This 
model gives b e t t e r  agreement w i th  experimental data than does a pure d i f f us ion  model. An inves t iga t ion  of 
the tenperature and g ra in  s i ze  dependence of the di f fusion-desorpt ion model ind icates tha t  fo r  L i z0  
d i f f u s i o n  dominates the t r i t i u m  release a t  h igh temperatures fo r  la rge g ra in  radius samples and desorption 
dominates a t  low temperatures fo r  samples w i t h  a small g ra in  radius. 

PROGRESS AND STATUS 

T r i t i um release from ceramic breeder mater ia ls  was, u n t i l  recent ly,  in terpre ted as e i t h e r  d i f f u s i o n  
cont ro l led l -3  o r  desorpt ion control led.4e5 These one mechanism models were unable t o  s a t i s f a c t o r i l y  describe 
much of the data obtained i n  t r i t i u m  release experiments. This l e d  t o  our development o f  a d i f f u s i o n-  
desorption model which we found t o  be a s ign i f i can t  improvement over previous models. The d e t a i l s  o f  the 
model were reported i n  the proceedings o f  the ICFRH-3 conference.6 
resu l t s  of several attempts t o  f i t  data from the LISA experiment t o  the di f fusion- desorpt ion model and a 
pure d i f fus ion model. Be t te r  f i t s  t o  the observed data were obtained w i th  the di f fusion-desorpt ion model 
than fo r  the d i f f u s i o n  model. 
desorption model gave a good f i t  t o  the observed data. 
mechanism may be involved i n  determining the t r i t i u m  release. 

Due t o  the large dependence o f  t r i t i u m  release on temperature and the sample g ra in  radius we examined the 
dependence o f  the d i f f u s i o n  and d i f fus lon-desorpt lon models on these two parameters. 
these ca lcu la t ions we modeled l i t h i u m  oxide using the d i f f u s i v i t y  determined by Guggi e t  al.,7 and the 
desorption r a t e  constant observed by Okuno and Kudo.* The difference between the predicted t r i t i u m  release 
f o r  the d i f f u s i o n  and di f fusion-desorpt ion models was calculated as a funct ion of temperature and g ra in  
radius. The temperature dependence of t h i s  funct ion i s  i l l u s t r a t e d  i n  Fig. 1 f o r  a sample w i th  a 50 micron 
gra in  radius. A t  low temperatures the overestimation of the release by the pure d i f f u s i o n  model increases 
w i th  time. This w i l l  eventual ly reach a maximum and decrease t o  zero as the release approaches steady 
state. A t  h igh temperatures there i s  less  of an overestimation by the d i f f u s i o n  model and the maximum 
overestimation i s  reached sooner. The dependence on the g ra in  s ize i s  i l l u s t r a t e d  i n  Flg. 2 f o r  a sample a t  
500OC. For small grains the d i f f u s i o n  model i s  a poor approximation t o  the diffusion-desorption release and 
gives a la rge overestimation o f  the t r i t i u m  release a t  small times. For la rge g ra in  samples the d i f fus ion 
d e l  appears t o  g ive a good approximation t o  the di f fusion-desorpt ion release. These graphs suggest t h a t  
f o r  Li20, i f  the d i f f us ion  and desorpt ion r a t e  constants used are correct ,  d i f f u s i o n  dominates the t r i t i u m  
release f o r  l a rge  gra ins  and a t  h igh temperatures whi le  fo r  small grains and low temperatures desorption 
cont ro ls  the t r i t i u m  release. 

I n  order t o  determine the r e l a t i v e  importance of o ther  mechanisms. such as trapping, g ra in  boundary 
d i f f us ion ,  and permeation, i n  the t r i t i u m  t ranspor t  mechanism a more sophist icated program was needed. We 
have decided t o  use the OISPL computer software package f o r  so lv ing second order systems o f  nonlinear 
p a r t i a l  d i f f e r e n t i a l  equations t o  handle these more complicated problems. This program should enable us t o  
model diffusion-desorption-permeation problems as wel l  as problems invo lv ing  d i f f u s i o n  w i th  t rapping i n  the 
s o l i d  by r a d i a t i o n  damage o r  gas bubbles. I n i t i a l  attempts t o  u t i l i z e  the DISPL program uncovered a bug i n  
the program when deal ing w i t h  spher ical  geometry. The DISPL package has been debugged and tested against 
the simple di f fusion-desorpt ion model. A model f o r  d i f fusion, desorption and permeation i s  now being 
tested. 

I n  tha t  repor t  were also published the 

For the l i t h i u m  aluminate samples ne i ther  the d i f f u s i o n  nor d i f f u s i o n-  
This suggests tha t  f o r  l i t h i u m  aluminate some other  

For the purpose o f  

FUTURE WORK 

The DISPL program w i l l  be used f o r  scoping ca lcu la t ions invest igat ing the importance o f  g ra in  boundary 
d i f f u s i o n  and trapping t o  the t o t a l  t r i t i u m  inventory. 
using the cur rent  models t o  determine which mechanisms are important i n  determining t r i t i u m  release. 

Results f r o m  the C R I T I C  experiment w i l l  be analyzed 
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Fig. 1. Fract ional  Release from D i f fus ion  Model Minus Fract ional  Release 
from Diffusion-Desorption Model as a Function o f  Time and 
Temperature f o r  a Sample w i th  a 50 Micron Grain Radius. 
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(Cliffusion releosr)-ldiffusion-desorplion release) 

lemp=400C 

t l g .  2.  Fractional Release from D i f f u s i o n  Model Minus Fractional 
Release from Diffusion-Desorption Model as a Function of 
Time ana Grain Kadius for  a Sample a t  400%. 
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EFFECT OF IRRADIATION ON THE THERMAL C0N)UCTIVIM OF LiALO 
Northwest Laboratory)  and J .  L. E thr idge and D. E. Baker (aestinghouse Hanford Company) 

AN0 L120 - G. W. Hol lenberg ( P a c i f i c  

OBJECTIVE 

The o b j e c t i v e  of t h i s  study i s  t o  determine t h e  e f f e c t  o f  f a s t  neutron i r r a d i a t i o n  on t h e  pos t  
i r r a d i a t i o n  thermal c o n d u c t i v i t y  of LiAL02 and LizO. 

SUMMARY 

w i t h i n  s p e c i f i c  i e s i g n  temperature windows. 
c o n d u c t i v i t y  a t  room temperature. t h e  e f f e c t  a t  opera t ing  temperatures (T > 400‘C) i s  much less.  
these s o l i d  breeder ma te r i a l s  a re  expected t o  main ta in  temperatures w i t h i n  t h e i r  i n i t i a l  temperature 
windows dur fng  operat ion.  

LiAL02 and L i  0 a re  two candidates f o r  t r i t i u m  breeder ma te r i a l s  i n  f us ion  reac to rs  which must operate 
Although i r r a d i a t i o n  may cause l a r g e  reduc t ions  i n  thermal 

Hence. 

PROGRESS AN0 STATUS 

Introduction 

Thermal p rope r t i es  of  s o l i d  breeder m a t e r i a l s  a r e  c r i t i c a l  t o  n o t  on l y  b l anke t  design a c t i v i t i e s ,  b u t  
a l s o  t h e  s e l e c t i o n  and op t im iza t i on  o f  s o l i d  breeder mater ia ls .  
thermal p rope r t i es  and i r r a d i a t i o n  inves t iga t ions .  it was t h e  purpose o f  t h i s  i n v e s t i g a t i o n  t o  ob ta in  a 
data base r e l a t i n g  t h e  change i n  thermal conduc t l v i t y  of  L i z 0  and LiAL02 t o  h igh  temperature i r r a d i a t i o n  
Condit ions. Presented a re  thermal c o n d u c t i v i t y  data der ived from thermal d i f f u s i v i t y  measurements v i a  
t h e  flash-method. Samples were a en from p e l l e t s  i r r a d i a t e d  i n  t h e  Hanford Engineer ing Development 

With t h e  range of cond i t i ons  provided by 

Laboratory ’s  FUBR-1A experiment. Id  

EXPERIMENTAL DETAILS 

IhwMl O i f f u s i v m  

P e l l e t s  (0.95-cm diameter) o f  l i t h i u m  aluminate and l i t h i  m ox ide  (85% TD) were i r r a d i a t e d  i n  sealed 
capsules i n  t h e  Experimental Breeder Reactor No. 2 (EEIR-II).~-’ These m a t e r i a l s  were i r r a d i a t e d  a t  t h r e e  
d i f f e r e n t  temperatures and reac to r  exposures. r e s u l t i n g  i n  t h r e e  d i f f e r e n t  l i t h i u m  burnup l e v e l s  as shown 
i n  Table I. 
saw. Extreme ca re  was necessary i n  c u t t i n g  and hand l ing  the samples s i nce  n e a r l y  a l l  o f  t h e  p e l l e t s  were 
severely cracked. 
t h e  e f f e c t s  o f  temperature grad ien ts  a t  t h e  ends o f  t h e  p e l l e t  column du r i ng  i r r a d i a t i o n .  

Th in  c y l i n d r i c a l  samples (0.075 cm t h i c k )  were c u t  from p e l l e t s  us ing  a diamond wafering 

O i f f u s i v i t y  samples were c u t  from t h e  middle o f  t h e  sho r t  f o u r - p e l l e t  column t o  avo id  

Since t h e  samples contained t r i t i u m .  measurements were conducted i n  an a i r t i g h t  chamber. The e x t e r i o r  
o f  t h e  chamber was cooled w i t h  f low ing  water  t o  prevent  d i f f u s i o n  o f  t r i t i u m  through t h e  chamber walls 
and re lease t o  t h e  l abo ra to ry  environment. The r a d i o l o g i c a l  hazard requ i red  a l l  sample preparat ion.  
p o s i t i o n i n g  and load ing  t o  be conducted i n  a glovebox f i l l e d  w i t h  d ry  helium. 
t h e  t e s t  chamber was back- f i l l ed  w i t h  hel ium t o  300 Torr a t  room temperature and t r ans fe r red  t o  t h e  
thermal d i f f u s i v i t y  apparatus. 
wat ts )  which al lowed temperatures g rea te r  than 1273 K t o  be achieved. The energy pulses. provided by an 
Apo l l o  Ruby. Model 22 l a s e r  (30 Joules - 800 microsecond pu lse)  penetrated t h e  t e s t  chamber v i a  a 
sapphire window a t  t h e  bottom. Energy from t h e  upper surface of  t h e  samples rad ia ted  through a second 
sapphire window loca ted  a t  t h e  t o p  o f  t h e  t e s t  chamber and was focused through two CaF2 lenses on t o  a 
l i q u i d  n i t rogen- cooled InSb i n f r a r e d  detector .  The s i gna l  from t h e  de tec to r  was recorded w i t h  a 
Tekt ron ix  7704A osci l loscope.  d i g i t i z e d  by a Tek t ron i x  P7001 D i g i t i z e r  and analyzed by a Tek t ron ix  4052 
minicomputer. The t ime  requ i red  t o  reach h a l f  t h e  maximum temperature r i s e  on t h e  upper sur face  o f  t h e  
sample was determined from a least- square f i t  o f  t h e  temperature waveform. 

Fo l lowing  sample loading. 

Located w i t h i n  t h e  chamber was t h e  nickel-chrome element furnace (1,000 

To maximize absorpt ion of  t h e  l a s e r  energy. bo th  surfaces o f  each sample were coated w i t h  a t h i n  l a y e r  
of m e t a l l i c  s i l v e r .  General ly. f i v e  measurements a t  100 K increments were made t o  p rov ide  good 
s t a t i s t i c a l  analys is.  Measurements were a l so  taken on several  samples du r i ng  cool-down from 1173 K. 

Parker, e t  a16 discussed t h e  flash-method f o r  determining thermal d i f f u s i v i t y  and thermal 
conduc t i v i t y .  I n  general. thermal c o n d u c t i v i t y  i s  ca l cu la ted  from experimentally-measured thermal 
d i f f u s l v i t y :  

where: a = thermal d i f f u s i v i t y  

a = 1.38 OC L2 I n 2  tl12 L11 

D = dens i t y  
C = heat  capac i ty  
L = sample thickness. and 

tl12 = t ime  requ i red  f o r  near sur face  t o  reach o n e h a l f  i t s  maximum value 



206 

Equation 1 assumes constant mater ia l  properties. uniform sample heating, and no heat losses. 
Radiat ion and other sources o f  heat l oss  (gas c nduction and conduction t o  sample holders) were modelled 
using the  heat t ransfer  canputer code HEATIN=.? The th in ,  infrared-absorbing s i l v e r  coat ing was a l so  
included i n  t h e  model. 
t h e  tlI2 determined from t h e  experiment. 

h i ve  samples f L i  0 and LiAL02 were made and 
canpared w i th  those of Takahash?. and Schulzl;. G u n e l l f i  and Rasneurl?. F8r l i t h i u m  oxide the  
measurements were higher than Takahashi's data a t  l o w  temperatures. b u t  a t  h igh temperatures. Takahashi's 
data i s  l i g h t l y  higher. The measured l i t h i u m  aluminate data was i n  exce l l en t  agreement w i t h  those o f  
Schulz. though Gutwell and Rasneur reported lower values a t  a l l  temperatures. The good canparison o f  
masured data w i t h  l i t e r a t u r e  values. espec ia l ly  i n  t h e  case of l i t h i u m  aluminate, supports t h e  r e s u l t s  
of t he  i r r a d i a t e d  samples given below. Except f o r  e f f e c t s  associated w i t h  I r rad ia t i on ,  1.e.. h igh 
i r r a d i a t i o n  temperatures. retained t r i t i um,  swell ing, etc., t he  i r r a d i a t e d  and un i r rad ia ted archive 
samples were near ly ident ica l .  - 

These temperature-dependent e f f e c t s  were accounted f o r  i n  Equation 1 by ad jus t ing 

Thermal conduct iv i ty  measur ents on u n i r  adiated a 

I n  Figure 1. t he  measured thermal conduct iv i ty  data i s  shown as a funct ion o f  temperature f o r  l i t h i u m  
oxide i r r a d i a t e d  a t  773. 973 and 1173 K w i th  an exposure o f  297 FPD's. The curve derived from the 
un i r rad ia ted data (adjusted t o  85% TO) i s  included f o r  canparison. Data fran i r rad ia ted  samples 
generally followed the  charac te r i s t i c  l/(AT+B) temperature dependence. No di f ferences were observed 
between t h e  data co l l ec ted  dur ing heat-up and cool-down. The d i s t i n c t i o n  between d i f f e ren t  i r r a d i a t i o n  
temperatures i s  apparent i n  these data a t  l o w  measurement temperatures. 
i r r a d i a t i o n  temperatures approach s imi lar ,  l o w  values of conduct iv i ty  a t  h igh measurement temperatures. 
S imi lar  behavior was observed a t  lower burn-up levels,  105 and 142 FPD. 

However. t he  data a t  a l l  

With a few exceptions, the  measured thermal conduct iv i ty  data was lower than un i r rad ia ted values. 
Low temperature conduct iv i ty  values for the  samples I r r a d i a t e d  a t  1173 K were reasonably consistent, 
showing lower values a t  h igher burnups - a manifestat ion of increased damage due t o  i r r a d i a t i o n .  
However. data from the  sample i r r a d i a t e d  a t  733 K (Figure 1) t o  high burnup (297 FPO) was d i f f e r e n t  i n  
t h a t  the  conduct iv i ty  was c lose t o  un i r rad ia ted values suggesting l i t t l e  burnup dependence. 
independence may be the r e s u l t  o f  g ra in  growth i n  the  sample. 

The burnup 

Because g ra in  boundaries o f fe r  increased sca t te r ing  centers f o r  phonons, mater ia ls  w i t h  l a r g e r  g ra in  
s izes can have h igh therm 

1173 K. but  very l i t t l e  a t  773 o r  973 K. S imi lar  gra in  growth was observed fo r  samples i r  
higher burnup l e v e l s  as shown i n  Table 1, except f o r  L i20 i r r a d i a t e d  a t  773 K t o  11.7 x 
(297 FPO). The l a r g e  gra in  s i ze  observed i n  t h i s  sample may exp la in  the  higher thermal conduc t i v i t y  
values observed i n  F igure 1. 

conduct1 i t i e s .  Hollenberg2 reported g ra in  s izes fo r  samples i r r a d i a t e d  t o  
l i t h i u m  burnups of 4 x loss capts/c 3. (105FPO). He observed s i g n i f i c a n t  g ra in  grcuth i n  l i t h i u m  oxide a t  

d ia ted t o  
capts/& 

TABLE I 

PARTIAL FUBR-lB TEST MATRIX AND 
OBSERVED AVERAGE GRAIN SIZE 

IRRADIATION BURYIP AVERAGE 
SAMPLE TEMPEF(BIYRE ( K )  (10 CAPTS/C$) E&Q4 SIZE (urn)* 

773 
973 

1173 
773 
973 

1173 
773 

3.9 
3.7 
4.1 
7.0 
7.3 
7.3 

11.7 
11.3 
11.3 

-3.0, 5.5, 

3.4 
7.1 

17.1 
5.8 
7.2 

14.4 
11.3 
6.7 

16.3 
8.5 c1.0 

Determined by Linear In te rcep t  Method 
Fran Reference 2 

The abnormally- large r e l a t i v e  g ra in  s i ze  fo r  t h i s  case i s  y e t  unexplained. However. I f  the  observed 
g ra in  s izes from Table I are canpared a t  s i m i l a r  temperatures. only the gra in  s i ze  of the  p e l l e t s  a t  773 
K a t  11.7 x lozo captures/c& data shows a s t a t i s t i c a l l y  s i g n i f i c a n t  increase. The 973 K and 1173 K 
data, respect ively,  d isplay a r e l a t i v e l y  constant gra in  size, w i t h i n  the  estimated e r r o r  o f  meaSUrement. 
This suggests t h a t  an equ i l i b r i um g ra in  s i z e  was achieved w i t h i n  t h e  p e l l e t s  dur ing i r r a d i a t i o n  p r i o r  t o  
reaching a l i t h i u m  burnup of 4 x lozo cap ts /cd .  
oxide samples were reported t o  be w i t h i n  t h e  range o f  2 t o  1 0 ~ m ~ ~ .  

P re- i r rad ia t i on  g ra in  s izes f o r  a l l  of t he  l i t h i u m  
The l a r g e r  gra in  s i ze  (1.e.B fe*er 
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g r a i n  boundaries) of  t h i s  sample may help exp la in  t h e  r e l a t i v e l y  h i gh  measured conduc t i v i t y .  
o f  g r a i n  s i z e  on conduc t i v i t y  may have obscured t h e  e f f e c t  r e l a t e d  t o  i r r a d i a t i o n  damage. 

The e f f e c t  

The thermal c o n d u c t i v i t  o f  i r r a d i a t e d  l i t h i u m  aluminate ma te r i a l  i n  F i g u r e  2 displayed an i n t e r e s t i n g  
response t o  temperature. +he thermal conduc t i v i t y  du r i ng  heatup measurements f o r  a l l  o f  t h e  samples a t  
a l l  burnups i s  nea r l y  independent o f  temperature f o r  a l l  l i t h i u m  burnups. 
phase suggests a sa tu ra t i on  o f  t h e  thermal c o n d u c t i v i t y  s i m i l a r  t o  observat ions made by Tamy5 and 
Hurley14 f o r  o the r  ma te r i a l s  a t  h i gh  measurement temperatures. 
known t h a t  t h e  phonon mean f ree  path decreases w i t h  temperature and i r r a d i a t i o n  damage. 
theory  of gases. t h e  thermal c o n d u c t i v i t y  can be est imated by: 

where. k = thermal conduct iv i t y ,  
C = heat  capaci ty .  
v = average phonon v e l o c i t y  i n  t h e  l a t t i c e .  and e - average phonon mean f ree  path. 

Data c o l l e c t e d  d i n g  t h i s  

Th i s  behavior  was expected s i nce  it i s  
From t h e  k i n e t i c  

k = 113 C v e  ( 2 )  

The average phonon mean f r e e  path i s  g iven by: 

id = 111 phonon + l i e  defects ( 3 )  

where. !phonon = phonon mean f ree pa th  associated w i t h  
phonon-to-phonon c o l l i s i o n s .  and 

1 de fec t s  = phonon mean f r e e  path associated w i t h  defects.  

From Equations 2 and 3. t h e  thermal conduc t i v i t y  can be reduced by a decrease i n  the mean free pa th  due 
t o  t h e  i n t r o d u c t i o n  of mate r i a l  de fec ts  from i r r a d i a t i o n .  e.g.. l a t t i c e  defects. bubbles. voids. etc.13 

For  l i t h i u m  aluminate a t  low measurement temperatures, t h e  high concent ra t ion  of s t a b l e  l a t t i c e  
de fec ts  l i m i t  t h e  normally- long mean f ree  path o f  un i r rad ia ted  m a t e r i a l s  t o  some sho r te r  value. 
h igher  temperatures. a f u r t h e r  reduc t ion  i n  t h e  mean f r e e  path does no t  occur because t h e  mean f r e e  path 
i s  maintained a t  a low va lue  by i r r a d i a  on defec s. 
l i t h i u m  burnup l e v e l  l e s s  than 3.0 x 10” c a p t . c d  (105 FPO) which is cons i s ten t  w i t h  t h e  burnup 
independent behavior  of  t h e  thermal conduct iv i t y .  Continued i r r a d i a t i o n  beyond t h i s  p o i n t  d i d  n o t  r e s u l t  
i n  any f u r t h e r  reduc t i on  i n  conduc t i v i t y .  
sample i r r a d i a t e d  a t  973 K t o  297 FPD (F igu re  2) i s  unexplained even though repeated runs 

l i t h i u m  aluminate samples. 
and r e s u l t s  g i ven  i n  Table I confirmed t h a t  g r a i n  growth was n o t  measurable even a t  t h e  h ighes t  
i r r a d i a t i o n  temperature. 

A t  

The l a t t i c e  de fec t s  i n  LiAL02 have sa tura ted  a t  a 

The s l i g h t  increase i n  thermal c o n d u c t i v i t y  a t  673 K f o r  t h e  
e re  made. 

Th i s  anomally i s  n o t  thought  t o  be associated w i t h  swe l l i ng  s ince  very l i t t l e  was observed 1 i n  any of t h e  

P r e- i r r a d i a t i o n  g r a i n  s i z e  f o r  these samples was reported t o  be l e s s  than l f i m  

For  LiAL02 samples a t  low burnup (105 FPD). cool-down data were c o l l e c t e d  and s i g n i f i c a n t  r a o v e r y  o f  
t h e  c o n d u c t i v i t y  a t  low measurement temperatures was observed fo r  a l l  i r r a d i a t i o n  temperatures. 
recovery o f  c o n d u c t i v i t y  may be a t t r i b u t e d  t o  annealing of t h e  i r r a d i a t i o n  defects w h i l e  t h e  samples were 
exposed t o  h igh  measurement temperatures. t hus  p rov id i ng  a longer  mean f r e e  path. Evident ly .  de fec t  and 
damage a n n i h i l a t i o n  reduced t h e  number of phonon s c a t t e r i n g  centers  r e s u l t i n g  i n  recovery o f  t h e  thermal 
conduc t i v i t y .  The thermal conduc t i v i t y  da ta  from t h e  cool-down experiments represent  a more 
c h a r a c t e r i s t i c  l/(AT+B) r e l a t i o n s h i p  than t h e  as- i r rad ia ted  ma te r i a l .  
o f  defects i n  LiAL02 under these cond i t i ons  i s  necessary t o  q u a n t i f y  t h e  observed recovery i n  thermal 
c o n d u c t i v i t y  dur ing  cool-down. 

Th i s  

More study o f  t h e  k i n e t i c  behavior  

CONCLUSIONS 

An apparatus and measurement methodology were developed which al lowed measurement of  thermal 
d i f f u s i v i t y  from rad ioac t i ve  ceramic ma te r i a l s  a t  temperatures up t o  1173 K. 
measurement technique minimized t r i t i u m  exposure. 

S i g n i f i c a n t  decreases i n  thermal conduct 
environment t o  l i t h i u m  burnups of 2 12 x 10” c a p t l c d .  S i g n i f i c a n t  reduc t ions  i n  thermal c o n d u c t i v i t y  
a t  low measurement temperatures were observed fo r  l i t h i u m  ox ide  samples as a r e s u l t  o f  radiat ion- induced 

Th i s  equipment and 

i t y  were observed i n  L i 20  i r r a d i a t e d  i n  a f a s t  neutron 

l a  i c e  damage. The i o n  ranged from about 40% and 28% a t  373 K f o r  samples i r r a d i a t e d  from 4 x 
, respect ive ly .  A t  t h e  h igh  measurement temperatures (1073-1173 K).  t h e  10“ t o  12 x lo2’ 

thermal c o n d u c t i v i t y  o f  a l l  i r r a d i a t e d  samples approached values on l y  s l i g h t l y  below those o f  
u n i r r a d i a t e d  l i t h i u m  oxide. Gra in  growth and swe l l i ng  dur ing  i r r a d i a t i o n  were considered t o  p lay  a r o l e  
i n  understanding t h e  observed changes i n  conduc t i v i t y .  

The thermal c o n d u c t i v i t y  of i r r a d i a t e d  l i t h i u m  aluminate samples remained r e l a t i v e l y  cons tan t  w i t h  
temperature a t  a value of  about 3.5-4.0 Wlm-K. f o r  a l l  i r r a d i a t i o n  t imes and temperatures. 
o n l y  s l i g h t l y  lower than observed values f o r  un i r rad ia ted  LiAL02 a t  h i gh  measurement temperatures. 

Th i s  va lue  i s  
A f t e r  
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subject ing the  samples t o  s u f f i c i e n t l y  high measurement temperatures (>650 K ) .  an increase i n  low 
temperature thermal conduc t i v i t y  was observed for  a l l  aluminate samples for  which measurements were made 
dur ing cool-down. The low burnup sample i r rad ia ted  a t  1173 K showed a s i g n i f i c a n t  improvement i n  
conduct iv i ty  reaching values comparable t o  un i r rad ia ted values. 
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MECHANICAL RELIABILITY OF FUSION CERAMICS FOR ECRH IN THE CONTEXT OF RADIATION DAMAGE 
H. M. Frost and F. W. Clinard, Jr. (Los Alamos National Laboratory) 

OBJECTIVE 

To develop and apply an analytical approach for assessing the impact on service lifetime 
of radiation damage in ceramics intended for magnetic fusion energy (MFE) applications entail- 
ing electron CyClOtKon resonance heating (ECRH) of fusion plasmas. 

SUMMARY 

Most reports of radiation-induced changes in dielectric properties and thermal conductivi- 
ties of insulating ceramics for HFE applications do not include quantitative assessments of 
the impact of such changes on material or device failure. We present details here on calcula- 
tions based an a model published for some time but not applied until very recently to radia- 
tion damage. It incorporates the Weibull distribution for fracture statistics, such as used 
in the mid 1980's for gyKotrOn windows in a 'radiationless' environment. A major consequence 
of applying this and another model in the context of an alumina (a-Ali.O3) or beryllia 'rf' 
window subject (during ECRH use) to dielectric and thermal-conductivity damage and strength 
changes, as induced by fast neutrons, involves reductions in service lifetimes by orders of 
magnitude. 

PROGRESS AND STATUS 

Introduction 

The fracture models are described and discussed in enough detail to permit other investi- 
gators to evaluate them in connection with their own radiation-damage assessments. 
ture point in this respect consists of two key papers dealing with mechanicallreliability of 
ceramic windows for gyrotrons not subject to neutron and other MFE radiation. 
the model will be based on published test data available on alumina and beryllia cg$Bmi$s 
which were irradiated with fast geutrons (E > 0.1 MeV) at 385'C to a fluence of 10 
the EBR-I1 fast fission reactor. 

Fracture models 

Our depar- 

Discussions of 

n/m in 

It is well known that a flaw such as a void or a microcrack can act as a stress concentra- 
tor in a brittle material which can initiate fracture when its size is greater than some crit- 
ical value. The Griffith criterion for fracture involves a dependence of the fracture 
strength on the inverse square root of the flaw sire. Normally, the flaws involved display a 
range or distribution of sizes, with the probability of the occurrence of a flaw of critical 
sire --for a given applied stress - -  increasing with the volume of the test specimen. With 
the Weibull distribution, the probability Pf of failure through fracture in an inert environ- 
ment relates to stress as follows: 

where oIc and uo. respectively, are the inert fracture strength and a normalizing stress 
parameter, and m is the Weibull modulus. 

For the type of fracture involved in the failure of Kf windows in a reactive environment, 
i.e., slow crack growth via 'static fatigue,' the time to failure (lifetime) tf relates to the 
applied stress oa as follows: 

where n and A characterize the reactive testing environment. FOK alumina and beryllia. A = 0, 
while for an rf window. oa corresponds to the hoop stress on the window edge. 
can be more conveniently expressed as 

Then Eq.(2) 
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with the notation "I" and "C" denoting the irradiated and control states for the material, and 
the assumption nI - nc being made. As oIc appears in bath Eq.(l) and Eq.(2). a service stress 
os - ua can he calculated in terms of assumed values of tf and Pf: 

Our procedure for estimating the effect of radiation on lifetime of the material is then 
as fallows: 

tf,C is desired at a given failure probability level for the control material; this 
quantity links the lifetime calculation to the actual engineering situation encoun- 
tered. 

Estimate how the irradiation affects the two ratios of stress that appear in 
Eq.(3), then calculate t f , ~ ,  

Determine the applied stress oa - oa,c from Eq.(4) after deciding on what lifetime 

The second step in the preceding is the one emphasized in this report 

The ratio of t " o ~ ~ "  stresses can be estimated from the values of tensile or rupture 
Stresses measured on specimens before and after irradiation. 
stresses can be estimated from the proportionality --as expected from the steadv-state. inho- 

The ratio of '"ag'* (applied) 
. .  

mogeneous heat conduction equation --between the stress oa within the window and the quanti 
ties k, tans, @, and K. vie. 

Here, k is the dielectric constant and tan6 is the loss tangent - -  with ktan6 being the loss 
factor - -  and B/K is the incident MMW power divided by the thermal conductivity. 
frequency of the MMW's is f. Implicitly assumed here is the resonant condition of the rf win- 
dow being an integral number of (material) half wavelengths both before and after irradiation. 
If this were not true, then the dependence of ma on k would be much more complex. 
condition is known to apply to high-purity alumina after intense fast neutron irradiation but 
not to beryllia, although for simplicity and brevity this effect is ignored in this report. 
Further assumed is that the measured tan6 consists entirely of contributions from absorption 
processes. 
for the in-waveguide techniques for long aspect-ratio specimens as involved in this report. 
Free-space techniques. especially for thin low-loss specimens. however, in principle yield 
tan6 values sensitive to scattering as well as absorption processes. so the use of such values 
can lead to systematic errors in the lifetime predictions. 

The 

Such a 

This is probably true for cavity techniques for the measurements and perhaps also 

Also, the temperature dependence of the material properties represented in Eq.(5) is 
ignored, which is reasonable as long as the window cooling keeps the temperature rises due to 
dielectric and radiation heating to within the order of magnitude of 1OO'C. With this assump- 
tion, the time rate at which heat is converted from the HMw's is constant, and for a given 
temperature gradient, the heat flow (thermal current density) from one point to another in the 
material is also constant. Thus, the temperature distributions that determine the thermal- 
mechanical stresses aa in the material are solutions to a linear heat conduction equation 
(with temperature-independent source) and absolute ( vs .  relative) values of oa are relatively 
easily calculable and therefore available in the literature. 

For temperature rises much larger than lOO'C, however, the heat conduction equation can 
become nonlinear in character, particularly because the quantity tan6/K is strongly tempera- 
ture dependent for elevated temperatures above room temperature, the temperature dependences 
of tan6 and K 
regard. 
tion equation for a (disc-shaped) window are ignored, then the stress-producing temperature 
gradient aT/ar is proportional to Tua, with r the radial position of observation on the disc. 
Since ua itself is proportional to tan6/K via Eq.(S), then the thermal-mechanical stresses 
have a parametric dependence on temperature rather than being independent of it. 

Discussion 

for an insulating ceramic such as alumina complementing each other in this 
When second-order derivative terms in the steady-state but inhomogeneous heat conduc- 

It was recently reported that both a 99.5% alumina and also a beryllia-based ceramic 
experienced a doubling in the dielectric loss factor at room temperature and 90-100 GHz as a 
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result of the intense fast neutron exposure mentioned in the Introduction.z 
lifetimes of 1 yr for both materials led via Eq.(3) and Eq.(5) to 'irradiated' values of 2 sec 
for A1203 and 20 min for BeO, ignoring. however. the following two considerations. One 
concerns the significant measured reductions in strength that also resulted from this irradia- 
tion, the other the reductions in thermal conductivity likewise expected to have occurred. 
The materials and material constants involved in these irradiated values are represented in 
the following table, with 'ktan6' values given in the format of 'before/after' irradiation: 

Assumed initial 

Table 1. Material constants used in calculating 'irradiated' lifetimes 
............................................................................. 

Material 

............................................................................. 

Alumina, WESGO AL995 3.84 14.4 286 24.15 3.8/8.1 

Beryllia, Ceradyne 2.90 13.3 193 14.85 4.0/8.3 
Thermalox 9959 

............................................................................. 
Note: Data are from Refs. [1,2]. 

In the preceding. the values of ktan6 were measured at room temperature for an irradiation 
at 385'C. If the roughly 50% increases of ktan6 for temperature raised from toom temperature 
to 385'C - -  increases which are known to occur for unirradiated Alios and Be0 - -  are assumed 
to also apply for irradiated material, then the Katio of unirradiated to irradiated ktan6 
values is the same at either temperature. This reasoning applies to other temperatures as 
well, as long as the point and/or extended defects produced by the irradiation and responsible 
for the altered property values do not 'anneal out' relative to the defect concentrations at 
room temperature. 
corresponding ratios for K and for DIC appearing via Eq.(3) and Eq.(5). 

Similar reasoning can be applied to the temperature insensitivity of the 

The above lifetime estimates are altered when non-unity values of the ratios in Eq.(3) for 
OIC and K are taken into account. Interpolating data on K for WESGO AL995 alumina irradiated 
wikQ Task neutrons at,50 and 700°C yields a conservativf halving of K at 385°C as induced by 
10 n/cm of fluence. Other thermal conductivity data indicate that this halving is also a 
consenrative estimatesfor BeO. 
decreases by only 26% but for beryllia probably by over an order oq magnitude (via micro- 
cracking induced by anisotropic swelling in the hexagonal lattice). 
conditions mentioned in the Introduction. 
sec (actually, 1.69 sec) lifetime for alumina is reduced to about 70 psec - -  or just a few 
cycles of MMW power at 100 GHz! Fof7Be0, the 20 min (actually. 1068 s e c )  also reduces to 
essentially zero (actually. 5 x 10- sec!). 

In contrast, though, the rupture strength for alumina 

for the irradiation 
When these estimates are taken into account, the 2 

From Eq.(3) and Eq.(5), plus the condition t f , ~  - tf I, the following relation applies for 
determining by how much to decrease the applied power Q'relative to the value Bc that the rf 
window can tolerate at given values of failure time and probability which B E  taken to be con- 
stant throughout the irradiation: 

A schedule for decreasing the MMW power through the rf window (in an MFE reactor) as the per- 
formance of the latter degrades via radiation damage may be an appropriate operating protocol 
to consider as long as the power ratio does not vary too much from unity. 

The Weibull statistics implicit in Eq.(l) are assumed to be valid for the ceramics men- 
tioned in this report. However. nondestructive testing (NDT) of a Coors AD995 alumina disk, 
similar to the one from which the alumina specimens for exposure in EBR-I1 were cut, revealed 
macroscopic defects far larger than the critical flaw sizes required for fracture. 
tests included microfocus x-ray in which inclusions of the order of 100 pm were found. plus 
ultrasonic 'C-scans' in which voids ahout 2 mm in diameter were found. Variations of over 10% 
in the localized values of the ratio of elastic modulus divided by mass density were also 
found. 

These 

The predicted lifetimes can be affected not only by including the complete set of relevant 
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properties in materials free of macKosCopiC processing-related flaws, but also by including 
inaccuracies and fmprecision in the dielectric and other data. 
case material with the reported 'n' value of 24.15. 
in the combined quantity in square brackets [ ] in Eq.(3) is either plus or minus 10%. then 
the ' [  1 '  quantity is 1.1 OK 0.9 of what it should be and tf I/tf c accordingly differs by 
factors of 10 and 0 . O B  respectively. of what & should be. 
a lower 'n' value, the only remedy (with alumina) seems to be to make better measurements - -  
considerably better than +lo% in order to allow for the propagation and subsequent accumula- 

Take WESGO AL995 alumina as a 
If the total systematic and random error 

bther'than finding an alumina with 

tion Of eKKOKS in Eq.(3). 

CONCLUSIONS 

The combined use of models for both inert ('Weibull') and reactive fracture for assessing 
radiation damage in Kf windows can yield predictions of service lifetimes that are very sensi- 
tive to even small, radiation-induced changes in dielectric, thermal, end strength pKOpeKtk5. 
To assure the validity of such models, however. these windows need quality control screening 
via NDT for detection of windows containing unacceptably large defects. 
ing is also needed before and after specimen preparation in connection with fission reactor 
studies. In the area of radiation damage studies, at least of rf windows. this is the first 
time apparently such models and testing have been used together. 

This type of screen- 

Besides encouraging expanded use of such approaches, other recommendations for future work 
include : 

Paying enough attention, in the 'difficult' MMW dielectric measurements, to the 
accuracy and precision required for allowing at least order-of-magnitude 'accuracies' 
in predicting window lifetimes. 

Finding ceramics with relatively low 'n' values via inert fracture tests. as in 
four-point flexure under conditions that eliminate slow crack growth behavior. 
ceramics will have more stable lifetimes when subjected to irradiation. 

nding oa and VIC ratios in Eq.(3) differ from those evaluated simply through the use of 
pre- and post-irradiation data. 

Better understanding the nature of the defects - -  e.,g., point defects vs. disloca- 
tion loops - -  produced by the irradiation in order to facilitate extrapolations of 
available test data taken at 'inconvenient' temperatures to values expected at actual 
operating temperatures for rf windows. 

Measuring the effect of irradiation on the m, n, A ,  and oo parameters of Eq.(l) and 
Eq.(2). Such data are severely lacking. 

Such 

Making 'in situ' measurements of ktan6, K, and q c  in order to see if the corresop- 

Besides rf windows B. the preceding conclusions can be applied to other rf insulating 
requirements in MFE KeactOTS such as insulated coaxial leads terminating at a ceramic-and- 
metal antenna for ion Cyclotron resonance heating (ICRH) of plasmas and ceramic-filled wave- 
guides for plasma heating at intermediate frequencies, for example. 
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